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Promoters enable synthetic biologists to manipulate protein expression at the 
DNA level.  For this reason, promoters are essential for almost all applications aiming to 
engineer an organism.  Unfortunately, promoters available for eukaryotic organisms are 
derived directly from the genome.  Such promoters are large and result in substantial 
and therefore, difficult DNA insertions to express a heterologous multi-gene pathway.  
Furthermore, their high sequence homology provides the organism the opportunity to 
perform homologous recombination resulting in undesirable gene deletions.  For these 
reasons, there is a critical demand for short promoters with low sequence homology to 
the organism’s genome to continue synthetic biology advancements in eukaryotic hosts.  
This work addresses the need for yeast promoters by engineering the promoter’s 
two distinct DNA regions– the upstream activating sequence (UAS) and the downstream 
3ˋ area comprised of the promoter’s core.  The modularity of these regions is 
demonstrated in a non-conventional yeast, Yarrowia lipolytica by assembling multiple 
viii	
native UAS in tandem with a core.  In doing so, the strongest promoters ever reported for 
Y. lipolytica were created.  Drawing from these lessons, the length of promoters in the 
popular host strain Saccharomyces cerevisiae was minimized.  The core region is first 
addressed by establishing promoter libraries with minimized de novo cores.  Synthetic 
cores are isolated from a short promoter library and are evaluated in six DNA contexts to 
establish nine minimal cores with modularity, robustness, and context independence.  
Second, the UAS region was minimized.  To do so, a randomized region of DNA was 
hybridized upstream of a synthetic minimal core to construct 18 de novo libraries of 
promoters.  From these libraries, 26 short constitutive and inducible UAS elements were 
isolated.   
Collectively, this work highlights the utility of hybrid promoter engineering to 
increase the number of promoters available for host organisms, Y. lipolytica and S. 
cerevisiae.  More importantly, it establishes a highly desirable set of 81 synthetic, 
minimal promoters of inducible and constitutive function that provides a 70-fold range of 
expression in S. cerevisiae.  Furthermore, the workflow presented herein is generic 
enough for application in other eukaryotic host organisms to build their synthetic biology 
toolboxes.   
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Chapter 1: Introduction 
For more than a millennium, Saccharomyces cerevisiae has been selectively 
cultivated and exploited by humankind for its robust growth, love of simple sugars, and 
production of valuable chemicals.  Several favorable production traits make S. cereivisiae 
an attractive host.  S. cerevisiae’s large cell size allows for easy recovery of desirable 
products.  Compared to the bacterial host, Escherichia coli, yeast has a higher tolerance 
to by-products and acids, and lower temperature growth requirements1.  Due to these 
traits, S. cerevisiae now serves as a key production platform for biofuels, nutraceuticals, 
industrial compounds, and therapeutic proteins2,3.  To accomplish this, a broad and 
expanding array of genetic tools were developed to study and engineer yeast.  Many of 
these tools are a direct result of the efforts put forth in synthetic biology.   
The overarching goal of synthetic biology is to gain a better understanding of how 
to coordinate and regulate pathways and gene expression in organisms.  In particular, the 
engineering of synthetic systems involves practical and rational design of disparate parts 
that all must work together to obtain a desired function.  Biological hosts, such as S. 
cerevisiae and E. coli have distinct DNA-based tools (such as promoters, terminators, 
vector plasmids, genome integration sites) which can be utilized to achieve a desired 
cellular regulation.  Each of these tools contributes to the overall synthetic biology 
toolbox of an organism.    
The promoter, in particular is an indispensable synthetic biology part.  A promoter 
serves to drive transcription of every gene in an organism.  Unfortunately, the promoters 
available for the eukaryotic host, S. cerevisiae are endogenous, lengthy, and dependent on 
native scaffolds.  This is particularly problematic for eukaryotes because these hosts do 
not use polycistronic messages like their bacterial counterparts, and therefore, require a 
separate promoter for the expression of each gene.  Compared to E. coli promoters of 
~100 base pairs, the traditionally-used yeast promoter GPD (TDH3) is nearly seven times 
longer (Figure 1.1).  Thus, to express a single gene of 1.5 Kb, an additional 1 Kb of 
regulatory DNA (between the promoter and terminator) is required increasing the DNA 
cargo load by over 60%.  If an extensive, multi-gene heterologous pathway is required, 
this regulatory DNA could easily add up to tens of thousands of nucleotides, nearly ten 
times as much as needed in bacteria.  Furthermore, numerous promoters would be 
required to express such a pathway.  Given yeast’s ability to perform homologous 
recombination, each of these promoters must be sequence unique.  Therefore, to reduce 
the amount of regulatory DNA needed for expression and avoid homologous 
recombination, there is a critical need for diverse and minimal promoter sequences that 
do not resemble the host’s genomic sequences.   
Figure 1.1:  Length of commonly used promoters in metabolic engineering  
Shown here to scale by DNA length, the commonly-used high strength GPD promoter is 
6.5 times larger than the average E. coli promoter of 100 bp. 
To date, this problem of bulky yeast promoters has been scarcely addressed in 
synthetic biology.  Yeast promoter engineering has mainly focused on building promoters 
from large endogenous segments and native promoter scaffolds.  Thus, the work in this 
dissertation seeks to resolve two main problems with current promoters available for S.  
cerevisiae: i) high sequence homology, and ii) overall large size.  To do so, I exploit the 
current available biological insights on the native promoter’s structure and mechanism.  
The next sections will discuss DNA architecture, critical mechanistic steps, and 
regulatory mechanisms of the eukaryotic promoter that must be considered in this work. 
1.1 DNA ARCHITECTURE OF THE PROMOTER 
Promoters are categorized by the type of RNA polymerase (RNAP) recruited to 
transcribe its nearby gene.  There are three RNAPs: RNAPI, II and III.  RNAPI and 
RNAPIII transcribe ribosome essential RNAs, rRNAs and tRNAs, while RNAPII 
transcribes mRNA.  This work will focus only on RNAPII promoters as they are 
responsible for driving transcription of protein-coding genes.  Promoters are identified as 
the region upstream of the first start codon of an open reading frame (ORF).  While 
promoter elements deep within ORFs have been identified4,5, these instances are 
extremely rare.  Therefore, I will limit our discussion to promoters upstream of the first 
start codon.  Architecturally, these promoters are comprised of an upstream activating 
sequence (UAS), and a promoter core (Figure 1.2)6.  A core serves as a platform for 
RNAP binding, while an UAS provides additional stability and regulation to the RNAP.  
Distinct DNA sequences that characterize these regions in native promoters of S. 
cerevisiae will be discussed in detail in the following sections.      
Figure 1.2: DNA architecture of a yeast genomic promoter 
The promoter is comprised of two components, an UAS (orange) and a core (blue).  The 
UAS may contain one or more short AT-rich tandem repeats, and one or more 
transcription factor binding site (TFBS).  The core contains one or more TATA or 
TATA-like boxes and one or more transcription start site (TSS).  The 3ˋ end of the TSS 
contributes to the 5ˋ UTR of the mRNA. 
1.1.1 Necessary components of the promoter core 
The core encompasses the 3ˋ region of the promoter (Figure 1.2).  The core 
performs two critical roles for transcription initiation: serves as the platform for the 
assembly of the pre-initiation complex (PIC), a complex of RNAPII and associating 
transcription factors (TF), and signals transcription to RNAPII.  The core uses two 
essential DNA sites to carry out transcription initiation: a single AT-rich region (< 2% of 
native promoters contain two or more7) and at least one transcription start site (TSS) 
(Figure 1.2).  The AT-rich region is traditionally referred to as the TATA-box and is 
located on the 5ˋ end of the promoter core region.  Although the consensus sequence is 
defined as TATAWAR7 (where W represents A/T, and R represents G/C), about 80% of 
yeast promoters do not have this sequence7.  In the literature, these promoters are termed 
TATA-less, but more recently and appropriately, are referred to as TATA-like for 
harboring an AT-rich region with close resemblance (up to 2 mismatches) to the 
TATAWAWR sequence8.  The presence of a bona fide TATA box in a promoter is 
noteworthy; genes driven by TATA promoters are distinct from those driven by TATA-
like promoters in terms of transcriptional regulation, codon usage, network interaction, 
associated enzymatic pathways9, and PIC assembly7.  For example, a higher frequency of 
TATA boxes occur in promoters of genes with higher expression values10 and under 
higher cellular regulation7.  TATA-boxes are enriched in promoters that drive expression 
of genes related to heat stress, diauxic shift and sporulation7,9.  Gene products from 
TATA promoters have a lower number of gene interactions, and their mRNAs are more 
efficiently translated due to a higher codon adaptation index9.  Lastly, a bona fide TATA 
box confers directionality to a promoter.  TATA-like promoters have a higher chance of 
driving expression in a bidirectional manner, and consequently, giving rise to non-coding 
RNAs5.  Thus, the presence of a TATA box plays a substantial role for the promoter. 
The other essential component of the core, the TSS, is located 40 to 120 bp 
downstream of the TATA or TATA-like box11,12.  The TSS signals to the bound RNAPII 
to begin transcription (Figure 1.2).  Unlike the TATA box, this sequence emerges more 
than once in a single yeast promoter4.  The existence of multiple TSS in more than 99% 
of promoters has complicated efforts to identify any TSS consensus sequence4,5,12. 
Numerous sequences have been suggested including RRYRR, TCRA13, YAWR14 and 
most recently, A(Arich)5NYAWNN(Arich)612.  Currently, to accurately identify the site(s), 
the 5ˋ untranslated region (UTR) of the mRNA must be mapped experimentally5.  Based 
on experimentally confirmed TSS, native promoters can be classified into two groups 
based on the usage of their TSS.  One class utilizes a single dominant TSS, while the 
others’ use is evenly distributed among the sites4.  The use of multiple TSS allows the 
cell to control protein abundance at the transcript level;  TSS’ contribution to the 5ˋ UTR 
affects mRNA translation efficiency and subsequently, protein abundance15.  In fact, a 
study of 96 genes revealed that translation activity can be altered more than 100-fold 
depending on the 5ˋ UTR isoform present in the mRNA15.  Which TSS will be utilized 
during transcription is largely unknown, but a recent study suggests the distance between 
a TSS and the TATA box drives selection16.  In this study, characterization of 7,536 
TATA-containing synthetic core promoter variants revealed a usage bias for the TSS 88 
to 66 bp downstream of the TATA box16.  Thus, at least in this context, there appears to 
be an optimal arrangement for the core promoter’s two essential elements, the TATA box 
and the TSS. 
The core region provides an indispensable role for the promoter; a single contact 
point for PIC assembly, and transcription signals.  However, by itself, the promoter core 
often drives weak expression.  A much larger expanse of DNA found upstream of the 
core region provides additional regulation and strength.  In the next section, I discuss the 
DNA features of this region in the genomic context.  Although this region can also 
repress transcription, for sake of simplicity I will solely refer to it as the upstream 
activating sequence.   
	1.1.2 DNA features of Upstream Activating Sequences (UAS) 
In the simplest sense, the UAS coordinates transcription of the downstream gene 
by influencing PIC assembly, and in doing so, affects promoter activity.  In this section, 
the following DNA features found in native UAS regions are discussed: i) quantity and 
positioning of transcription factor binding sites (TFBS), ii) short tandem repeats, and iii) 
unique biophysical properties such as bendability and secondary structures (Figure 1.2).   
Arguably, the most significant sequence element in an UAS region is the TFBS.  
TFBSs are short sequences varying in length from 5 to 31 nucleotides with a mean of 
9.917 (Figure 1.2).  TFBSs recruit TFs that help regulate PIC formation either through 
direct protein-protein interaction(s) or through histone modifications to alter nucleosome 
placement18.  Most promoters contain one or two binding sites19, with TATA promoters 
containing a lower number18.  TFBS density peaks about ~100 bp upstream of the TSS18 
(Figure 1.2) with most restricted to the region 100 and 500 bp upstream of the start 
codon20.  A recent study of various S. cerevisiae strains revealed that TFBSs found within 
200 bp of the TSS were more evolutionary conserved than those at further distances21.  
This result taken together with the fact that very few TFBSs are found within 100 bp of 
the start codon20 suggests a critical functional zone for TFs in the promoter.  Further 
studies indicate that the placement and length of this zone is altered depending on the 
presence of a bona fide TATA box.  Compared to TATA-like promoters, this TFBS-
enriched zone is longer and found further upstream in TATA promoters18.  A study 
suggests that the different arrangement of TFBS in TATA and TATA-like promoters is 
due to how these promoter classes are regulated by nucleosomes18.  I discuss this and 
other nucleosome regulation of promoters further in detail below.   
TFBS are the not the only short regulatory sequences that appear in promoters.  
At least one AT rich tandem repeat of 2 to 6 nucleotides is present in 25% of all yeast 
promoters.  Most of these repeats are located ~200 bp upstream of the start codon.  They 
are distinct from known TFBS, but like TFBS, are inversely correlated with nucleosome 
density.  Unlike TFBS, these repetitive sequences are difficult for the cell to replicate and 
consequently, encourage low fidelity.  A recent study suggests this low fidelity may 
explain increased promoter evolution observed for promoters enriched with tandem 
repeats22.     
Aside from harboring short regulatory sequences discussed thus far, the UAS also 
contributes unique biophysical properties to the promoter such as bendability and 
secondary structure formation.  Bendability is defined as the propensity of a triplet of 
base pairs to bend and is assessed by the increased ability of DNase I to cleave bendable 
DNA23.  For promoters, this propensity to bend has been suggested to influence TF 
binding, nucleosome positions, and DNA looping.  Regions of low bendability are unique 
to TATA-like promoters and are greatly enriched 100 to 200 bp upstream of the start 
codon, with peak rigidity at ~130 bp24.  The increase in rigidity is thought to be necessary 
to enable the first step of PIC assembly, the binding of TATA-box binding protein (TBP) 
to the TATA-like sequence24.  In addition, DNA in the promoter region is capable of 
forming secondary structures.  Stabilized by Hoogsteen base pairing, four guanine tracts 
	effectively spaced can fold into a complex secondary structure called a G-quadruplex.   
These structures are highly enriched in genomic promoters and telomeres25 and are well 
conserved across yeast species26.  Specifically, G-quadruplexes are found within 500 bp 
of the start codon for non-essential genes26.  The alternative DNA structure, Z-DNA, also 
seems to play a role in promoter function.  Although mostly studied in human cell lines, 
Z-DNA has been demonstrated to influence promoter function in yeast27.  Z-DNA can 
absorb the negative supercoils produced by nucleosome removal27, DNA unwinding 
during transcription and chromatin remodeling28.  The exact function and mechanism of 
these secondary structures in the promoter is still relatively unknown.  
In summary, promoters contain unique DNA sequences that provide crucial 
contact points for binding factors to assemble.  In doing so, they influence the formation 
of PIC, and subsequently, the transcription of the downstream gene.  The next section 
discusses PIC assembly with a focus on the formation of the most critical step: the 
binding of the TBP to the core region. 
1.2 FIRST STEP IN ASSEMBLY OF PREINITIATION COMPLEX (PIC) AT THE PROMOTER 
CORE 
RNAPII uses a set of general transcription factors (GTF) that function in promoter 
recognition, interaction with TF, DNA unwinding and TSS recognition29-31.  These GTFs 
include TFIIA, TBP, TFIIB, TFIIF, TFIIE, and TFIIH.  Before transcription occurs, 
RNAPII is positioned and stabilized onto the promoter DNA by GTFs to form PIC.  This 
occurs in a stepwise fashion in which each GTF plays either an indispensable or 
	supplementary role.  The first step in PIC assembly involves TBP recognition of the 
TATA-box (or TATA-like sequence), and is of particular importance as this step sets the 
stage for transcriptional strength32,33.  For this reason, I will focus on this particular 
protein and the implications of binding to the promoter core. 
TBP plays an indispensable, well-conserved and universal role in transcription 
initiation.  In fact, TBP along with TFIIB can sufficiently transcribe certain genes34.  The 
fact that archaebacteria also only require these two TFs35,36 highlights TBP’s 
longstanding evolutionary roots in transcription.  Indeed, of all proteins involved in 
transcription initiation, TBP is the most conserved across a wide variety of species, 
showing a greater than 80% sequence identity37.   Furthermore, TBP is required not just 
by RNAPII, but by all three eukaryotic RNA polymerases, making this protein a 
universal TF for all yeast promoters38.   
TBP’s critical role is to bind to the TATA-box in the core promoter and induce a 
dramatic ~90 degree bend in the DNA.  This bend allows the promoter DNA to 
eventually wrap around RNAPII for transcription initiation39-41.  The affinity of TBP for 
the TATA box depends on the TATA box variant present and the site’s flanking 
sequences39.   Bona fide TATA boxes confer the highest affinity, while deviations from 
the TATAWAWR consensus sequence result in weaker binding.  The strength of affinity 
is thought to determine which co-activator complex directs TBP to the TATA box, and 
consequently, the rate of transcription33.  For TATA-containing promoters, the Spt-Ada-
Gcn5-acetyltransferase (SAGA) complex directs TBP.  However, TATA-like promoters, 
TBP binds to the site as part of the TFIID complex7,8.  These two co-activators are 
associated with specific gene expression profiles.  Studies have revealed a relationship 
between SAGA regulated promoters and stress responsive genes42.  In contrast, TFIID is 
involved in promoters that drive transcription of house-keeping genes42.  Thus, the 
aforementioned significance of the TATA box or TATA like sequence in the promoter 
appears to function through the recruitment of the coactivator complex via the first step in 
transcription initiation, TBP binding.   
In addition to their roles in TBP-TATA-box interactions, both TFIID and SAGA 
participate in chromatin remodeling43.  In fact, SAGA has been suggested to influence 
nearly all RNAPII expressed genes through genome-wide histone modifications44. 
Indeed, nucleosome dynamics at the promoter level can have profound effects on the 
promoter’s activity.  In the next section, I discuss how nucleosomes serve to regulate 
gene expression by altering promoter strength. 
1.3 NUCLEOSOME FUNCTION IN PROMOTER REGIONS 
 A nucleosome is a 147 bp tract of DNA wrapped around a histone octamer45, and 
serves to compact DNA into chromatin.  At any given time, nucleosomes sequester 80% 
of yeast’s genome in their protein bundles46.  Nucleosome positioning appears to be 
largely determined by DNA sequence47.  In the yeast genome, most promoters49, and to a 
lesser extent, terminators48 are  nucleosome-depleted.   For promoters, this observed 
nucleosome-depletion pattern appears to be a fundamental feature of eukaryotic 
transcription49, and evidence suggests nucleosome-depletion plays a role in promoter 
	strength.  An analysis of nucleosome occupancy of genomic promoters showed an 
inverse correlation with promoter strength.  In this analysis, 42% of nucleosome-depleted 
promoters regulated highly active genes50.  Nucleosomes are thought to regulate 
transcription by physically blocking TF access to their binding sites thereby preventing 
activity at the promoter.   Some studies have shown that TF access to binding sites can 
increase ~10 to 20-fold when the promoter is artificially depleted of nucleosomes51,52.  A 
small number of TF, about 10 to 20, can actually compete with nucleosomes.   In fact, 
certain TFBS, notably the Rap1p binding site, are more strongly correlated with 
nucleosome-depleted promoters53.  Interestingly, these TFs have been observed to 
participate in protein-protein interactions with chromatin remodeling complexes, 
histones, and chromatin modification enzymes54.  This suggests these TF are able to clear 
the promoter of nucleosomes by modifying their histone proteins.     
Nucleosome positioning is not static, but rather highly dynamic.  SAGA regulated 
promoters in particular tend to be occupied by nucleosomes at any given moment55.   A 
genomic analysis of induced genes through the use of transcriptional activator Gcn4 
revealed inconsistent phasing for SAGA-regulated promoters, which suggests these 
promoters are regulated by nucleosome repositioning56.  Indeed, individual studies on 
stress-responsive promoters like PHO557,58 and GAL1-1059 reveal that nucleosome 
positioning plays a critical role in activation of these promoters.  In any case, studies have 
well established that nucleosomes are able to prevent transcription either transiently, as is 
the case with stress-induced genes, or more permanently, as that observed in chromosome 
silencing, by sterically occluding access of binding factors to critical contact points in the 
DNA. 
These studies and many others reveal the complicated nature of endogenous 
promoters.  Tailored by evolution to function with a specific ORF, and in a particular 
genomic location, an endogenous promoter tends to be highly and unpredictably sensitive 
to DNA context.  By utilizing the insights on promoter architecture and function gathered 
from molecular biology studies discussed above, numerous successful promoter 
engineering strategies have been developed to address the need for more orthologous 
expression. 
1.4 PROMOTER ENGINEERING IN SACCHAROMYCES CEREVISIAE 
Initially, promoters for synthetic biology purposes were isolated directly from the 
genome, mostly from the loci of the glycolytic pathway60.  Decades later, these promoters 
are still used in many synthetic biology and metabolic engineering efforts61-63.  
Unfortunately, as discussed previously, endogenous promoters are inherently highly 
regulated by the cell.  Thus, interest in the last decade has shifted to expand yeast’s 
toolbox into the synthetic realm.  In literature, the term “synthetic” is applied to a broad 
range of promoter sequences, but generally refers to promoters that are not directly 
isolated from the genome.  This loose definition includes promoters highly homologous 
to the genome like those generated from PCR mutagenesis of native sequences.  On the 
other extreme, this definition also includes promoters crafted completely de novo, which 
bear no resemblance to any sequences in the yeast genome.  Thus, the degree of 
	artificiality of a proclaimed “synthetic” promoter can vary widely.  In our discussion of 
synthetic promoters, I will refer to any promoter not amplified directly from the genome 
of any organism as “synthetic”.  With this definition, promoters have been produced 
through libraries, rationally designed based on rules established from studies on native 
promoters, and a combination of the two.  These strategies have been successful in 
engineering constitutive promoters, those that continually drive expression, and inducible 
promoters, those that drive expression only under environments that deviate from 
established experimental yeast conditions.  In this section I will review the application of 
these strategies to engineer both constitutive and inducible promoters in S. cerevisiae.  
1.4.1 Promoter library construction 
Promoter libraries are attractive for their ability to produce a wide diversity of 
variants which can be screened for desirable traits.  Promoter libraries have been i) 
produced through mutagenesis techniques63-67, ii) compiled from numerous synthesized 
sequences16,68-70, and iii) generated by complete randomization of distinct promoter 
regions.  In the application of mutagenesis techniques, constitutive endogenous promoter 
TEF1 was mutagenized with error-prone PCR to produce a library of nearly 200 
promoters in which 11 mutants were isolated with expression strengths ranging from 8% 
to 120% of the native13,66.  However, mutagenesis generates sets of promoters with high 
sequence homology, which limits their use in eukaryotic organisms due to the ability of 
these hosts to perform homologous recombination.  To circumvent high sequence 
homology, libraries can be constructed from a set of synthesized known sequences16,68-70.  
	Most recent applications of this approach used microarrays to synthesize libraries of 
several thousand variants16,69.  In these experiments, transcriptional effects of the 
quantity, quality and position of selected TFBS, nucleosome depleting sequences and 
core sequences were explored to elucidate general rules about promoter architecture16,69.  
However, producing libraries in this manner requires extensive design and data mining to 
create functional variants.  With limited promoter architecture knowledge, completely 
randomizing certain promoter regions has proven succesful71,72.  In one example, a 48 bp 
region of the PFY1 promoter core was randomized to yield library members ranging from 
91% to 11% of the native scaffold promoter72.  This last approach can allow for 
generation of larger libraries and requires limited mechanistic understanding.   
Any large promoter library regardless of the production method utilized requires 
selection.  The most common selection involves the use of a fluorescent reporter and an 
in vivo sort by Fluorescence Assisted Cell Sorting (FACS)69.  Unfortunately, library 
production and the subsequent selection process can add significant time and effort to a 
project that requires promoter(s) with specific traits.  In certain scenarios, a rationally 
designed synthetic promoter is more appropriate.           
1.4.2 Rational design of synthetic promoters 
A rational design approach is often favored for the construction of inducible 
promoters due to the ability to manipulate the promoter’s architecture, and avoid a 
selection process like that required for libraries.  In rational designs, synthetic promoters 
	are stitched together using native and/or synthetic promoter elements such as TFBS73-77, 
UAS78-81, nucleosome disfavoring sequences 51,80,82,83, 	and promoter cores76 (Figure 1.3). 
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Figure 1.3: Promoter engineering strategies continued 
A number of strategies have been used for promoter engineering.  In these efforts, the 
promoter is often engineered as two distinct parts, the UAS region (orange) and the core 
region (blue).  In some cases, an entire native promoter scaffold is utilized (green).  TFBS 
(yellow) can be placed within the UAS region to activate the core, or in the core region to 
repress transcription.  Nucleosome disfavoring sequences (light green) are used in the 
promoter region to increase transcript output.  Regions of promoter constructs made with 
libraries are indicated by stripes.  All promoters are unidirectional (towards the right in 
these depictions), except where indicated by two arrows.   
  
	TFBS represent the shortest promoter element, and are a popular choice as an 
activating sequence.  One or more TFBS can be combined with promoter core(s) to craft 
full length functioning promoters.  A TFBS may solicit the function of an endogenous 
TF93, an imported TF74,86, or a synthetic TF (sTF)72,73,76,87,88,91 to impart an inducible or 
constitutive quality to the promoter.  In most applications, TFBS are just paired with a 
single promoter core.  However, recently two divergent core elements were used to create 
a bidirectional constitutive promoter76.  In this case and many others, TFBS are 
positioned upstream of a promoter core to enhance transcription (Figure 1.3).  However, 
TFBS can be placed within the core region to repress transcription70,73,91 (Figure 1.3).  
For example, multiple core-positioned TFBS, activated by tetracycline-induced TFs were 
used to repress transcription of a synthetic inducible promoter70.  In another effort, two 
sTF were imported to impart control on a synthetic promoter comprised of five upstream 
TFBS and one core-positioned TFBS.  In doing so, an 8-fold induction under the 
presence of isopropyl β-D-1-thiogalactopyranoside (IPTG) and testosterone was 
achieved73.  The fact that the position, not the identity of the TFBS in these examples 
dramatically affects the promoter activity highlights the importance of TFBS placement 
within the promoter.  In most engineered promoters utilizing TFBS, the site(s) are blindly 
placed in close proximity to the core promoter.  However, doing so risks steric occlusion 
of binding TF.  To avoid this, native promoter scaffolds can be used as guide during 
construction.  For example, a native pH inducible promoter was enhanced 5-fold by 
swapping out some TFBS with ones known to induce transcription in low pH 
	conditions84 (Figure 1.3).  While these successes and many others demonstrate the use of 
TFBS in promoter engineering, limitations do exist.  The implementation of TFBS in 
synthetic promoters is limited by i) the availability of elucidated binding sites, ii) 
mechanistic understandings of the recruited TF and iii) unforeseen effects of neighboring 
sequences on necessary binding event(s).   
Aside from TFBS, large expanses of native UAS regions have been used to 
activate promoter cores.  The UAS and core regions can be teased from endogenous 
promoters and paired together to create hybrid promoters78,79.  Like the use of multiple 
TFBS, multiple UAS regions can be place in tandem to increase transcriptional output of 
a core promoter79,81 (Figure 1.3).  In these synthetic promoters, endogenous TF are 
responsible for the strength.  However, native UAS regions are not limited to endogenous 
TF activation.  For example, GAL UAS regions were used to recruit imported estradiol-
activated sTFs to an engineered synthetic promoter78.  This engineered promoter allowed 
for improved zeanxanthin production in S. cerevisiae by 50-fold.  Unfortunately, since 
native functional UAS regions can be hundreds of base pairs long, hybrid promoters 
constructed with them are significantly longer than other synthetic promoters.  In 
engineering efforts, lengthy promoters are undesirable because they make expression 
cassette importations more difficult.  
Nucleosome disfavoring sequences, on the other hand, are significantly shorter 
than UAS regions (just tens of basepairs), and easier to implement than TFBS.  
Nucleosome disfavoring sequences have been coupled with promoter cores51,80,83, and 
	utilized in native promoter scaffolds to increase transcription output69,82 (Figure 1.3).  
The most commonly used sequence is a homopolymeric tract of deoxyadenosine 
nucleotides, referred to as poly(dA:dT).  These tracts are known to destabilize histone-
DNA interactions necessary for nucleosomes formation94,95.  Raveh-sadka et al. 
investigated the effects of poly(dA:dT) sequences on promoter function by altering their 
length, composition, and distance from several selected TFBS in a native promoter 
scaffold82.  To do so, they designed and characterized 70 promoter variants.  They 
concluded from these experiments that promoter strength can be tuned by manipulating 
the position of a 22 bp poly(dA:dT) tract upstream of a Gcn4p binding site.  In this study, 
decreased distance between the two elements resulted in increased promoter strength82.  
These results were further corroborated in a similar, yet larger study of 777 designed 
promoter variants69.  Aside from poly(dT:dA) tracts, there are other ways to manipulate 
nucleosome occupancy at the promoter to alter transcription strength.  Our lab used 
nucleosome prediction software to reduce the predicted nucleosome occupancy score of 
the native constitutive promoters TEF1 and CYC1.  By introducing 5 to 71 mutations to 
TEF1, a 15-fold dynamic range in expression was achieved in a 15 member set of 
promoters92.  This last example, in particular, demonstrates the utility of nucleosome 
depletion in tuning constitutive expression of promoters.  
In these sections, I focused on DNA sequence manipulation to engineer promoters 
with desired functions.  However, since recruited TFs are key proteins in promoter 
activity, simultaneously engineering both the promoter and the respective TF(s) is 
	common.  Several examples of these TF-promoter engineered sets were briefly 
mentioned above.  Nonetheless, since sTF can be a powerful, orthologous tool in 
manipulating gene expression at the transcription level, I will discuss common 
approaches to construct sTF and specifically, follow the incremental steps taken over two 
decades to create one of the most successful induction systems, the estradiol system. 
1.5 TRANSCRIPTION FACTOR ENGINEERING IN SACCHAROMYCES CEREVISIAE 
The most common strategy to engineer TFs is to fuse distinct protein domains 
derived from native TFs to create a TF with desired qualities.  To do this, a DNA binding 
domain is utilized to provide binding properties to the sTF while a transcription 
activating or repressing domain is employed to supply transcription functionality.  This 
modular construction allows for control over both the specificity and function of the TF.  
This design makes sTF a popular choice for constructing an orthologous induction 
system.  A particularly successful system engineered with a sTF is the estradiol inducible 
system, and is the focus of this section.  
Estradiol is an attractive inducing agent due to the limited number of unintended 
yeast gene activations.  To construct an estradiol-activated TF, the human estrogen 
receptor domain is used as an activating domain.  The activating domain is fused to a 
DNA binding domain to create a functioning TF, and to increase binding strength, an 
additional activation domain (VP16) is fused96.  In one approach, the DNA binding 
domain of Gal4p is utilized96.  In this application, a 200-fold activation is achieved via 
the native GAL1 promoter in 8 to 11 hours after addition of estradiol.  Over subsequent 
	years, the promoter used to drive expression of the sTF in this system was manipulated.  
A low strength promoter allowed for reduction of background expression levels or 
“leakiness”97, and a GAL1 promoter effected a feedback loop expression, where the 
resulting expressed Gal4p activated the GAL1 promoter to increase expression of 
Gal4p98.  However, since the promiscuous Gal4p DNA binding domain was being 
employed in these efforts, activation and repression of numerous untargeted genes 
persisted99.   
To address this, the Gal4p binding domain was swapped for a polydactyl zinc 
finger binding domain.  Zinc finger DNA binding domains are the most commonly used 
DNA binding domain in sTF engineering efforts.  These DNA binding domains are 
attractive due to their small size (about 30 amino acids), functional independence, and 
modular construction100,101.  Each native zinc finger recognizes a 3-4 base pair unique 
DNA sequence and can be engineered to bind to sites other than their native recognition 
sequences102-104.  When the zinc finger DNA binding domain is used to bind to a 
modified GAL1 promoter, background expression of the estradiol induction system is 
significantly reduced105.  However, the appeal of the Gal4p binding domain was strong 
activation.  In this system, only a 50-fold induction is achieved despite reduced leakiness.  
Nonetheless, a 50-fold induction is still remarkable.   
The system’s major drawback is the price of the inducer.   At ~$2000/g, estradiol 
represents one of the most expensive inducers, and effectively prices the induction 
system out of large scale synthetic biology applications75.  Furthermore, the amount of 
	time and effort put forth to develop this system is rather notable as it is the product of two 
decades of improvements.  The estradiol induction system not only represents the 
successes of TF engineering, but also the many hurdles that may be encountered when 
synthetically crafting a TF. 
In conclusion, the advancements in promoter and TF engineering are relatively 
new.  In fact, many of the synthetic promoters currently available were created during the 
work presented in this dissertation.  This sharp rise in promoter engineering within in the 
last decade is the result of the increased demand for synthetic promoters of high quality.  
By moving away from native sequences, homologous recombination becomes less of a 
concern.  However, none of the efforts explicitly address the length of the promoter, and 
very few create promoters de novo.  In this regard, the need for additional short synthetic 
promoters for yeast remains.     
1.6 SUMMARY 
The work presented in this dissertation couples the current state of promoter 
engineering with our existing mechanistic and architectural understanding of the 
promoter.  By doing so, I am able to address the need for novel promoters.  My 
colleagues and I first highlight the utility of hybrid promoter engineering in the non-
conventional yeast, Yarrowia lipolytica.  Specifically, Chapter 2 describes the use of 
multiple UAS in tandem to amplify and tune the transcriptional strength of endogenous 
promoters.  Here, we create a set of Y. lipolytica promoters driving a continuum of 
expression and establish the strongest promoters ever reported in this organism.  I draw 
	from lessons learned in this chapter to develop short, synthetic promoters in S. cerevisiae.  
In Chapters 3 through 5 I describe individual minimization of the core and UAS regions 
of the promoter through the use of de novo libraries.  Specifically, in Chapter 3, I 
establish synthetic, minimal cores by searching the sequence space, in terms of quality 
and length, between the TATA-box and TSS.  To ensure robustness and modularity, I 
subject promoter cores to a series of tests.  In Chapter 4, with the help of Matthew 
Deaner, I establish 20 succinct constitutive UAS elements through a four-fold approach 
involving the implementation of hybrid promoter libraries, UAS tandem assembly, 
unique DNA secondary structures and an easily programmable sTF.  Finally, Chapter 5 
describes the development and application of a novel FACS-based isolation scheme for 
identification of inducible minimal hybrid promoters.  In this final chapter, I present the 
utility of this workflow by successfully establishing seven synthetic maltose-inducible 
minimal promoters and one synthetic galactose-inducible minimal promoter.  Thus, the 
work described herein contributes UAS and core parts to S. cerevisiae toolbox that can be 
modularly linked to craft a de novo set of promoters driving expression range of 70-fold.   
Moreover, this contributes a generic framework to synthetic biology that can be 
employed in other host organisms to expand their toolboxes.  
	Chapter 2: Tuning gene expression in Y. lipolytica by hybrid promoter approach 
2.1 CHAPTER SUMMARY 
We have successfully applied a hybrid promoter approach to produce high-
expressing, tunable promoters in the nonconventional yeast, Y. lipolytica.  We have 
overcome native expression limitations and provided a strategy for increasing native 
promoter capacity in a cellular system with ill-defined genetic tools.  In doing so, this 
work creates the strongest promoters ever reported in Y. lipolytica, exhibiting eight-fold 
higher in protein levels compared with typically used endogenous promoters, and a range 
of more than 400 fold in mRNA levels.  These results suggest native promoters in Y. 
lipolytica are limited and that this limitation can be partially or fully overcome through 
the addition of tandem copies of UAS1.   
2.2 INTRODUCTION 
Developing and establishing a comprehensive suite of promoter elements in 
organisms with poorly defined genetic tools is essential for enabling metabolic and 
pathway engineering applications.  The non-conventional yeast Y. lipolytica has received 
attention as a potential biofuels producing host.  This yeast is a unique host for 
biochemical production and heterologous protein excretion due to its abilities to 
accumulate high levels of lipids107-109, utilize hydrophobic and waste carbon sources110-
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	112, and secrete native and heterologous proteins at high levels113-115.  The availability of 
Y. lipolytica’s genome sequence116,117 along with basic genetic tools such as 
transformation methods118-120, gene knockouts 121, and both episomal120,122-124 and 
integrative expression cassettes125-127 enable metabolic engineering approaches.  
However, many of the methods in this organism rely on ill-defined genetic elements111 
especially in the area of promoters.  One of the strongest promoters in Y. lipolytica, the 
XPR2 promoter has complex requirements for induction that hinders its industrial 
applications 128.  Nevertheless, this promoter has been functionally analyzed to reveal a 
105 base pair distal UAS fragment named UAS1B129,130.  Previously, between one to four 
tandem UAS1B copies were fused to a S. cerevisiae LEU2 core to create four increasingly 
strong hybrid promoters, named hp1d through hp4d128.  As a result, the hp4d promoter 
has become a commonly used tool for heterologous protein expression in Y. lipolytica.  A 
further re-analysis of these four promoters revealed a linear increase of promoter strength 
as a function of number of tandem UAS1B elements.  We sought to expand on this 
correlation to source promoters for Y. lipolytica.    
In this chapter, we construct and characterize two sets of synthetic hybrid 
promoters: (i) an UAS1B-LEU set in which between one and thirty two UAS1B elements 
are tandem assembled to the minimal LEU2 promoter region and (ii) an UAS1B-TEF set 
in which eight or sixteen tandem UAS1B elements are tandem assembled to varying sized 
TEF promoter regions.  In doing so, this work creates the strongest characterized 
promoters in Y. lipolytica and the first ever reported capacity for tunable gene expression 
	in this system.  Moreover, this work establishes hybrid promoter engineering as a generic 
approach for expanding the promoter toolbox in organisms with a limited tool set.   
2.3 RESULTS 
2.3.1 Characterization of endogenous promoters at the single-cell level 
Prior studies of promoter strength in Y. lipolytica have relied on assaying whole 
cultures for protein expression level (using reporters such as β-galactosidase)113,128.  It is 
commonly known that these methods can mask potential bimodal “on/off” distributions 
within the population.  Thus, to avoid this complication, we sought to utilize a 
fluorescence-based assay using the Y. lipolytica plasmid pSl16-Cen1-1(227)131.  All 
results generated in this study, except where indicated, employed derivatives of this 
replicative, ARS-CEN based plasmid.  Since codon biases are known to limit translation 
in Y. lipolytica132 and no fluorescent reporter protein has been previously used in Y. 
lipolytica to gauge promoter strength, we initially evaluated several available fluorescent 
reporter proteins.  TEF promoter was used to drive expression of four different 
fluorescent proteins, yECitrine, EGFP, hrGFP and mStrawberry, and flow cytometry was 
performed to determine reporter functionality.  Of these variants, only hrGFP imparted 
detectable fluorescence (Figure 1a).  This gene, optimized for expression in mammalian 
cells, has the highest Codon Adaptation Index for Y. lipolytica of the four fluorescence 
genes, 133 indicating the closest compatibility with codon usage frequencies for this 
organism.  
  
	 
Figure 2.1: Evaluation of fluorescent proteins in Y. lipolytica 
(a) The relative fluorescence levels of yE-Citrine, mStrawberry, EGFP, and hrGFP driven 
by the TEF promoter in Y. lipolytica were measured by flow cytometry.  hrGFP was the 
only functional fluorescent protein for this system.  (b) Endogenous promoters were used 
to drive expression of hrGFP (n=3). Error bars represent standard deviations from 
biological replicates.  Control is Y. lipolytica strain PO1f transformed with pMCSCen1 
with no fluorescent protein gene.  EXP and TEF promoters were the strongest tested. 
 
	As a result, the hrGFP reporter gene was used to evaluate the promoter strength of 
seven previously identified endogenous Y. lipolytica promoters, TEF, EXP, FBA, GPAT, 
GPD, YAT, and XPR2 (Table 2.1, Figure 2.1b)113,134,135.  Based on this analysis, the 
relative ordering of promoters strengths is EXP > TEF > GPD > GPAT > YAT > XPR2 > 
FBA.  The low fluorescence values for even the strongest of these native promoters, EXP 
and TEF, highlight that even strong endogenous promoters in Y. lipolytica may be too 
low for metabolic engineering purposes.  When each of these promoters was used in a 
plasmid-based construct, a bimodal fluorescence distribution was seen.  The differential 
regulation patterns and small dynamic range of these endogenous promoters require a 
novel approach to enable metabolic engineering applications in this organism. 
	Promoter element 
name 
Open reading frame regulated YALI number Basepair range Reference 
number 
EXP1 Export protein YALI0C12034p -999 to -1 136 
GPAT Glycerol-3-phosphate dehydrogenase YALI0C00209p -1130 to -1 136 
GPD Glyceraldehyde-3-phosphate 
dehydrogenase 
YALI0C06369p -931 to -1 136 
TEF Translation elongation factor EF-1α YALI0C09141p -406 to -1 136 
YAT1 Ammonium transporter YALI0E27203p -775 to -1 136 
FBA Fructose-bisphosphate aldolase YALI0E26004p -830 to +171 136 
XPR2 Alkaline extracellular protease YALI0E26719p -947 to -1 128 
TEF(136) Translation elongation factor EF-1α YALI0C09141p -136 to -1 This study 
TEF(203) Translation elongation factor EF-1α YALI0C09141p -203 to -1 This study 
TEF(272) Translation elongation factor EF-1α YALI0C09141p -272 to -1 This study 
TEF(504) Translation elongation factor EF-1α YALI0C09141p -504 to -1 This study 
TEF(604) Translation elongation factor EF-1α YALI0C09141p -604 to -1 This study 
TEF(804) Translation elongation factor EF-1α YALI0C09141p -804 to -1 This study 
Table 2.1: List of promoter elements used in this study 
	TEF(1004) Translation elongation factor EF-1α YALI0C09141p -1004 to -1 This study 
Leum β-isopropylmalate dehydrogenase YALI0C00407p -92 to +25 128 
UAS1B Alkaline extracellular protease YALI0E26719p -805 to -701 128 
Table 2.1: List of promoter elements used in this study continued 
The elements used in this study are listed with their names, open reading frames regulated, YALI accession numbers, and base 
pair ranges.
	2.3.2 Creating and characterizing a hybrid promoter series using the UAS1B element 
and minimal leucine core promoter 
To bypass the expression limitations of endogenous promoters in Y. lipolytica, we 
evaluated the generalizable nature of hybrid promoters.  In prior work, a nearly perfect 
positive linear correlation was previously detected between the number of tandem UAS1B 
sequences and promoter outputs in the hp1d to hp4d promoter series128.  Extrapolating 
this trend, we created a series of hybrid promoters by assembling between one and thirty-
two tandem UAS1B enhancer sequences to the S. cerevisiae leucine minimal promoter 
(Leum) to form promoters UAS1BX1-Leum through UAS1BX32-Leum (Figure 3a).  This 
series was used to drive expression of hrGFP.  Initially, an exponential increase in 
fluorescence was seen as the UAS1B sequence count increased from one to eight.  This 
trend became linear through nineteen tandem repeats (a total of 1995 bp of upstream 
activating sequences upstream of the core promoter).  Finally, the output fluorescence 
seemed to be saturated through 32 tandem UAS1B repeats (Figure 2.2b).  This data 
strongly conformed to a Hill Cooperative Binding model (correlation coefficient of 0.95) 
and exhibited a high Hill Constant (3.889) which indicates a strong amount of binding 
cooperativity of the enhancer elements (Figure 2.2b).  Specifically, this data was fit to 
the equation: 
 
with the resulting coefficients of  a= 0.794, Hill Coefficient= 3.889, and c= 10.146.   
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Figure 2.2: Development and characterization of a UASIB-Leum hybrid promoter set 
(a) Hybrid promoter engineering involves the fusion of a core promoter with UAS 
elements. (b) Tandem assembly of 1 to 32 copies of UASIB to a minimal LEU promoter 
was used to drive expression of hrGFP, and resulting fluorescence was measured by flow 
cytometry.  Error bars represent standard deviations from biological triplicates.  The 
relative strengths of UASIB-Leum promoters were fit to a Hill equation (see equation 1), 
resulting in coefficients of a= 0.794, Hill Coefficient= 3.889, and c= 10.146 using 
Polymath (Willimantic, CT) software.  (c) Endogenous and hybrid promoters were tested 
with a β-galactosidase reporter gene, yielding results similar to those of the hrGFP assay. 
Error bars represent standard deviations from biological triplicates.  (d) qRT-PCR of 
select promoter constructs was used to calculate mRNA levels relative to those of the 
minimal Leum promoter.  mRNA levels match fluorescent levels.  Error bars represent 
standard deviations from biological triplicates.  
	2.3.3 Transcriptional analysis of the UAS1B-leum hybrid promoter series 
A transcriptional analysis was performed to confirm that the observed effect in 
fluorescence was indeed manifested at the transcriptional level.  To do so, qRT-PCR 
analysis was employed using the hrGFP mRNA of select promoter constructs (Leum, 
UAS1BX4-Leum, UAS1BX8-Leum, UAS1BX16-Leum, UAS1BX24-Leum, and UAS1BX32-Leum) 
(Figure 2.2c).  Expression values were normalized to the mRNA level seen with only the 
minimal leucine promoter used to drive hrGFP.  Indeed, the increase in mean 
fluorescence levels was strongly correlated with the increase in relative mRNA levels.  
The relative mRNA levels increased and likewise, plateaued for constructs with a high 
number of UAS1B repeats.  Moreover, these results demonstrate an extraordinary 400-fold 
range of promoter strength in this series.  
2.3.4 Utility and stability of the UAS1B-leum hybrid promoter series 
To ensure that the observed effect was independent of reporter gene, we sought to 
provide a further characterization of the UAS1B-Leum promoter series with a separate 
reporter gene, the β-galactosidase gene encoded by E. coli lacZ.  Native promoters TEF, 
EXP, and XPR2 and hybrids UAS1B-leum with 1, 2, 3, 4, 6, 8, 12, 16, 20, 24, 28, and 32 
UAS1B copies were used to construct expression cassettes with lacZ in place of hrGFP.  
β-galactosidase assays were performed as described previously137,138 with a maximum 
value of 1198 miller units generated by the UAS1BX28-leum construct (Figure 2.2d).  β-
galactosidase assay results matched well with the hrGFP analysis and the data showed a 
strong positive statistical correlation (r2=0.85).  These results demonstrate that the 
	UAS1B-leum hybrid promoter series developed here is a generic tool for obtaining tuned 
gene expression in Y. lipolytica.   
These hybrid promoters rely on a high number of tandem repeats, thus, genetic 
stability was evaluated.  To accomplish this, promoters with 12 or 16 UAS1B copies were 
tested on the basis of sequence fidelity after non-selective serial subculturing.  These 
strains were subcultured for a total of 36 generations.  After this process, cells were 
harvested and plasmids were isolated and sequenced to assess gene construct stability.  In 
total, 20 separate plasmids with UAS1BX12-Leum and 20 with UAS1BX16-Leum promoters 
were evaluated.  17 out of 20 UAS1BX12-Leum and 20 out of 20 UAS1BX16-Leum were 
sequenced and restriction enzyme digest confirmed after 36 doublings.  Only 3 out of 20 
UAS1BX12-Leum were truncated to UAS1BX3-Leum, indicating instability.  Thus, these 
promoters are suitably stable in Y. lipolytica for long-term expression and use.  
Collectively, this data suggests that the expression output from hybrid promoters can be 
altered by changing the number of UAS with a given core.  Next, we sought to address 
the ability to alter the core promoter of this construct. 
2.3.5 Generalizing the hybrid promoter approach by switching the core promoter 
The data above suggests that tandem UAS elements may serve as modular 
expression amplifiers for a given promoter.  Next, we sought to test the hypothesis that 
even native promoters in Y. lipolytica are enhancer limited and can be strengthened by 
adding additional UAS elements.  To do so, we constructed new hybrid promoters 
containing either eight tandem UAS1B sequences (UAS1BX8) or sixteen tandem UAS1B 
	sequences (UAS1BX16) inserted 5’ upstream of a series of different native TEF-based core 
promoters.  Specifically, we amplified eight different regions of the TEF promoter 
spanning 136 bp and 1004 bp upstream of the ATG starting site from PO1f 128genomic 
DNA (Table 2.1).  Included in this set is the consensus 404 bp TEF promoter for Y. 
lipolytica as well as lengthened and truncated versions of this promoter.  These eight core 
TEF promoters and their corresponding UAS1BX8 and UAS1BX16 hybrid promoters were 
tested and compared with the Leum, UAS1BX8-Leum and UAS1BX16-Leum constructs. 
This new series of hybrid promoters was assayed via hrGFP fluorescence by flow 
cytometry.  In the absence of UAS elements, it can be seen that the fluorescence value 
decreases for truncated promoters below the consensus TEF size as expected.  Moreover, 
the full length and much larger TEF promoters are stronger than the minimal leucine 
promoter (Figure 2.3a).  The UAS1BX8 and UAS1BX16 enhancer fragments in isolation do 
not confer any promoter activity (data not shown).  When UAS are hybridized with TEF 
core promoters, a substantial increase in the net promoter strength was seen regardless of 
the TEF derivative utilized.  The enhancement provided by UAS1BX8 was roughly half the 
value obtained by using UAS1BX16.  Moreover, these enhancements were seen for both 
more minimal and full length TEF promoter elements, even with the existence of 
naturally occurring UAS in the consensus and longer TEF promoters.  Thus, this data 
suggests that even strong endogenous promoters like TEF are enhancer limited in Y. 
lipolytica and their expression capacity can be increased through additional UAS 
elements.   
	 
Figure 2.3: Expanding the hybrid promoter approach by altering the core promoter 
(a) Characterization of relative promoter strengths for the core TEF promoters, UAS1BX8-
TEF promoters, and UAS1BX16-TEF promoters using flow cytometry.  These data were 
compared with data for the UAS1BX8-Leum and UAS1BX16-Leum promoters. (b) Tuning 
ability of UAS1BX8 and UAS1BX16 decreases as a function of core promoter length. 
The amplification of expression imparted by the UAS1BX8 and UAS1BX16 was not 
identical for all promoters.  The fold increase of the constructs relative to the UAS-free 
TEF core promoters is plotted in Figure 2.3b.  The largest improvement is obtained when 
	the UAS elements were positioned closest to the core promoter.  However, it is 
interesting to note that the entire promoter size (all UAS copies and core) reaches up to 3 
kb for many of these; a region that is quite large for typical yeast constructs.  In addition, 
many of these larger promoters were the best performing.  Moreover, nearly all proved to 
be stronger than the corresponding UAS1BX8-Leum and UAS1BX16-Leum promoters, 
demonstrating the increased fitness of the TEF-based core promoter regions for strong 
hybrid promoter engineering.  In this regard, this work demonstrates that tandem UAS 
elements serve to amplify the expression level imparted by the core promoter chosen.   
2.4 DISCUSSIONS AND CONCLUSIONS 
This study established a synthetic approach for tuning gene expression using a 
hybrid promoter approach.  In doing so, this work created the strongest known promoters 
in the oleaginous yeast Y. lipolytica and allows for fine-tuned gene expression in this 
organism.  The general strategy developed in this study utilizing tandem-assembled UAS 
could be applied to other organisms and further generalized by using other UAS.  Finally, 
these results have the biological implication that the expression capacity for promoters (at 
least in Y. lipolytica) is enhancer limited.  In this regard, this approach expands the 
quantity and quality of parts available for systems biology research139,140.   
The magnitude of these hybrid promoters can be seen by the relative mRNA 
range of more than 400-fold between the core promoter (Leum) and the maximum of 
UAS1BX24-Leum. The strongest UAS1B-Leum hybrid promoter exhibited a more than 
eight fold increase in promoter strength in terms of Miller units compared to the strong 
	endogenous promoters tested in this study.  Although the expression driven by UAS1B4-
Leum in these studies was substantially lower than previously reported, this work still 
presents up to a fourfold increase in relative performance compared with the best 
reported endogenous promoters or previously constructed hybrid promoters128,141.  This 
illustrates that multiple tandem repeats of the UAS1B activate transcription to levels far 
stronger than those previously described and that this activation can occur at regions 
more than 2000 nucleotides upstream of the start codon (for UAS1BX16-X32-Leum).   
The UAS1BX8 and UAS1BX16 were shown to behave as synthetic amplifiers when 
tested with various TEF promoter derivatives.  In this regard, we demonstrated that the 
ability of a UAS1B to amplify expression is independent of the core promoter.  However, 
the magnitude of amplification was dependent on the core promoter used.  Thus, both the 
choice of UAS and core promoter contribute to the collective strength of the hybrid 
promoter.  This observation raises the possibility of rationally designing hybrid promoters 
with specified expression strengths.  The drastic increase in expression levels by both of 
the UAS1BX8 and UAS1BX16 across this series indicates that these genetic elements are 
portable, modular components that can generically alleviate native enhancer-limitation 
without disrupting endogenous regulation.  The modularity of the UAS1B insert and the 
strength of the UAS1B-Leum and UAS1B-TEF series advocate the use of hybrid promoter 
engineering as generic approach towards building stronger, fine-tuned promoters with 
interchangeable, modular components. 
	The hybrid promoter engineering described in this chapter is a valuable synthetic 
biology approach for the construction of high-level and fine-tuned promoters with 
interoperable promoter parts.  By utilizing this approach, we expanded the metabolic 
engineering toolbox in Y. lipolytica and developed several novel promoter series - 
UAS1BX1-X32-Leum, UAS1BX8-TEF, and UAS1BX16-TEF delivering a range of expression 
levels from low to the highest ever reported in this organism.  In subsequent chapters, we 
use hybrid promoter engineering to expand the metabolic engineering toolbox in S. 
cerevisiae.  Specifically, in Chapter 4, we draw from the tandem assemble approach 
described in this chapter to increase the transcriptional output of synthetic minimal cores. 
  
	Chapter 3: Synthetic minimization of promoter core elements in S. cerevisiae 
3.1 CHAPTER SUMMARY 
Synthetic promoters, especially minimally sized, are critical for advancing fungal 
synthetic biology.  Fungal promoters often span hundreds of base pairs, nearly ten times 
the amount of bacterial counterparts.  This size limits large-scale synthetic biology efforts 
in yeasts.  To address this shortcoming, we establish a methodical workflow necessary to 
identify robust minimal core elements that can be linked with native UAS and TFBS to 
develop short, yet strong yeast promoters of a constitutive and inducible nature.  To 
ensure robustness and independence, minimal core elements were subjected to a series of 
rigorous tests including i) transcriptional amplification by two native constitutive UAS, 
and a well-defined inducible TFBS, ii) expression of two ORFs, and iii) consistent 
transcriptional strength in two DNA contexts2. 
3.2 INTRODUCTION 
The innate complexity of eukaryotic transcription makes organisms like S. 
cerevisiae quite distinct from their bacterial counterparts.  This complexity is exemplified 
by considerably longer eukaryotic promoters compared to bacterial ones.  E. coli 
promoters typically span well under 100 nucleotides143 whereas native yeast promoters 
(especially those used in synthetic biology efforts) can stretch hundreds of base 
pairs144,145.  Mechanistically, a longer stretch of DNA is needed to load and stabilize a 
																																								 																				
2 The work presented in this chapter was published in “The development and characterization of synthetic 
minimal yeast promoters” Nature Communications (2015) 7810.  Sequences for synthetic core elements 
presented in this chapter are patented under the US patent #20160160299. 
	bulkier (~100 kDA larger) and more highly regulated eukaryotic RNAPII146,147.  As such, 
two of the most commonly used yeast promoter elements, the GAL1 inducible promoter 
and the strong GPD (TDH3) constitutive promoter span over 450 and 650 nucleotides 
respectively.  Beyond the lack of sequence diversity, these fungal eukaryotic promoters 
make large-scale synthetic biology efforts cumbersome.  Specifically, a single-gene 
circuit carrying a 1.5 Kb gene requires an additional 1 Kb of regulatory DNA (between 
the promoter and terminator) for appropriate expression, thus increasing the DNA cargo 
load by over 60%.  If an extensive, multi-gene heterologous pathway is required, this 
regulatory DNA could easily add up to tens of thousands of nucleotides (nearly ten times 
as much as needed in bacteria).  Thus, minimal sized fungal promoters are an essential 
and lacking tool in the field for fungal synthetic biology.  
To date, this problem of bulky yeast promoters has been scarcely addressed in 
synthetic biology; yeast promoter engineering has mainly focused on building from 
larger, native scaffolds63,66-69,71,82,92,148,149.  At the same time, synthetic promoter assembly 
via hybrid technologies78,150,151 demonstrates promise in moving away from native 
scaffolds, but broadly still relies on endogenous parts.  Thus, in this study, we address the 
lack of minimal yeast promoters by establishing minimal core elements that can be linked 
with native UAS to create fully functioning promoters.  To develop these core elements, 
we isolated candidates from 15 million variants comprised only of two essential 
transcriptional features and subjugated them to a series of rigorous tests to establish nine 
robust, minimal core elements with truly modular and context independent functions 
	(Figure 3.1).  These elements are highly unique both among each other and to any native 
genomic sequences in S. cerevisiae. We likewise demonstrate the ability to establish 
minimal, inducible promoters through this method with maximal expression levels 
similar to that of GAL1.   
  
	  
 
Figure 3.1: Isolation scheme of synthetic core elements 
27 libraries of 15 million candidates were created. Libraries were sorted by FACS to pool 
the top 0.15% fluorescent cells.  These sorted cells were subjected to colony analysis via 
flow cytometry.  High strength candidates were sequenced.  Due to the large number of 
multiple tandem insertions and duplicate candidates, only 18 core elements were present 
in the pool of 82 sequenced candidates. These 18 core elements were characterized under 
UASCIT, UASCLB, and Gal4p transcription factor binding site (GBS) activation.  Lastly, 
context dependency of promoters created using synthetic cores was determined.   All core 
elements were confirmed to function with an alternative ORF. 
	3.3 RESULTS 
3.3.1 Creating a method for identifying minimal yeast promoters 
To design minimal promoters, we established a plasmid-based core element 
scaffold (Figure 3.2) to determine the shortest length required for transcription and to 
serve as a platform for hybrid promoter technology.  However, to establish minimal 
promoters, we created and evaluated ensembles of variably spaced TATA box-TSS core 
elements.  Although the core elements contain all sequence components necessary for 
transcription initiation, very low expression is expected without UAS elements which 
provide the overall strength and regulation of a promoter6,152.  Thus, we employed native 
UAS to provide strength to our core elements.  Throughout this workflow, a series of 
stringency and robustness tests were invoked to establish core elements that are modular, 
context independent, robust, and interoperable (Figure 3.1).  
 
Figure 3.2: Synthetic core element scaffold 
Minimal synthetic cores of 56 bp are paired with native UAS elements to isolate 
functioning core elements. 
	3.3.2 Core element designs 
Our promoter minimization approach starts with an ensemble of core element 
scaffolds based on the necessary architectural elements of a promoter discussed earlier 
(Figure 3.2).  We first sought to determine the minimum number of nucleotides required 
between the TATA box and the TSS to promote successful loading of the pre-initiation 
complex (PIC) and thus, transcription initiation by RNAP.  As previously discussed, 
native spacing in S. cerevisiae is seen to span between 40 to 120 bp11,12  .  This lower 
limit  is peculiar since the structure for yeast RNAP supports a minimal spacing of 30-
31bp153 matching the optimal spacing found in mammalian promoters154.  Thus, multiple 
plasmid-based spacer libraries were synthesized containing 20 (N20), 25 (N25) and 30 
(N30) nucleotides between the TATA box and TSS using random oligonucleotides 
(Figure 3.3a-b).  The impact of these spacers was assessed by linking these libraries to a 
fluorescent reporter protein (yECitrine), and assessing library function with flow 
cytometry.  Interestingly, all libraries showed a lengthening in the histogram tails towards 
higher fluorescence when compared with a negative control (no fluorescent protein) 
(Figure 3.4a-c).  However, only the N30 library exhibited a small population shift 
towards higher fluorescence indicative of a subpopulation of functional core elements 
(Figure 3.3b).  
	 
Figure 3.3: Promoter scaffold library assemblies 
The color in the box outline in the top half of the figure corresponds to the color used in 
the histograms on bottom half of figure.  (a) Two UAS (UASCLB and UASCIT) were used 
to distinguish functional candidates from non-functioning candidates.  All libraries 
showed a similar shift, with UASCLB eliciting the strongest shift towards higher 
fluorescence.  Libraries shown are N30-SPG5, UASCIT-N30-SPG5, and UASCLB -N30-
SPG5.  (b) Three lengths of cores were tested, where oligonucleotides of 20 bp (N20), 25 
bp (N25), and 30 bp (N30) were placed between TATA box and TSS.  Libraries shown 
here are N20-CYC1, N25-CYC1, and N30-CYC1 without a UAS.  An increase in the 
spacing results in a tail lengthening of the histograms.  (c) Expression enhancing 
terminators (those thought to increase mRNA half-life) were used to distinguish 
functional candidates from non-functioning candidates.  SPG5 produced a select 
population shift greater than other terminators tested.  Shown here are libraries N30-
CYC1, N30-PRM9, and N30-SPG5. 
	As the expected transcription function of core elements is slight, we sought to 
amplify the signal of functional minimal core elements.  First, we established UAS-core 
element hybrid libraries in an effort to isolate core elements that can be substantially 
amplified with a UAS (Figure 3.3a).  To do so, we employed a native UAS element 
previously demonstrated to be effective in yeast, a 275 bp sequence from the 
mitochondrial citrate synthase (CIT1) gene150,155 referred to as UASCIT.  Second, we 
sought to amplify the signal further by using an expression enhancing terminator, SPG5, 
shown to elevate mRNA concentration by increasing the transcript half-life156 (Figure 
3.3c).  Both UASCIT and the SPG5 terminator resulted in shifts in all libraries (Figure 
3.3a, 3.3c), with the most dramatic, positive candidate shifts seen in the N30 library 
(Figure 3.4a-c).  As a result, minimal core elements were identified from libraries 
comprised of UASCIT and SPG5 terminator linked with the core element.  Every library 
was sorted by FACS to pool the top ~0.15% expressing cells together, and subsequently 
only the N30 library resulted in robust promoters with a low frequency of multiple 
insertions (Figure 3.4d-f).  
	 
Figure 3.4: Histograms of select libraries before and after sorting by FACS  
The top 0.15% fluorescent cells of each library was pooled together by fluorescence 
activated cell sorting (FACS).  (a-c) Flow cytometry histograms of unsorted libraries 
were gathered and overlaid. Red histograms represent unsorted negative controls (no 
yECitrine) (a-c), (e).  Black histograms represent unsorted libraries without a UAS; N20, 
N25 and N30 for (a), (b, e) and (c) respectively.  Purple histograms represent UASCIT  
coupled with N20, N25 and N30 for (a, d), (b) and (c, f) respectively.  Histograms of sorted 
libraries were gathered and overlaid with unsorted respective libraries (d-f).  Arrow in (d-
f) indicates histogram shift due to FACS with histogram to left that of unsorted 
population. Unsorted populations shown in panels (d-f) color correspond to unsorted 
populations in panels (a-c) respectively. Only a few select sorted libraries are shown. 
Although histograms shifts are present after all library sortings (d-f) (compared to 
unsorted libraries), only libraries with N30 spacing produced libraries with a low 
frequency of tandem insertions.   
	3.3.3 Isolation of putative cores elements 
From the initial 15 million candidates synthesized as described above, we sought 
to isolate minimal core elements with desirable characteristics for synthetic biology 
applications.  Specifically, these core elements should (i) be generically activated by any 
UAS or TFBS, (ii) function with alternative genes, and (iii) display little context 
dependence.  Thus, a series of tests were used to narrow down the candidates to a set of 
nine robust generic core elements (Figure 3.1).  
To begin, candidates were isolated from the enriched UASCIT-N30-SPG5 library 
obtained via FACS followed by isolated colony analysis, and sequencing.  As noted 
earlier, this library had the lowest frequency of multiple insertions (Figure 3.4f) and thus, 
indicates that 30 bp may be the minimal spacing required between the TATA box and 
TSS for S. cerevisiae.  Following isolation, characterization, quality control (reproducible 
upon retransformation and homogenous histograms), and sequencing, a total of 18 
putative unique core elements were identified.  As these elements were currently linked 
with a UASCIT upstream region, we removed this region and assessed the strength of the 
core element itself and found that indeed these core elements allowed for slight, but 
detectable, transcription (Figure 3.5). 
	 
Figure 3.5: Core elements can be activated by UAS elements to create constitutive 
promoters   
 (a) UASCIT and UASCLB can activate all core elements.  However, of the 18 core 
elements tested, three did not activate similarly with UASCIT and UASCLB (n=4).  For 
comparative purposes, one core element rejected in this test is shown (n=3) (b).  Error 
bars represent standard deviation among biological replicates. 
3.3.4 Tests to isolate robust, minimal core promoter elements 
These 18 putative core elements were next assessed through a series of robustness 
tests (Figure 3.1).  All compared fluorescence values for each test were gathered on the 
same day.  To begin, we sought to evaluate the impact of an alternative, constitutive 
UAS.  To do so, these core elements were linked with another previously used UAS150, 
	the 240 bp sequence of the mitotic cyclin (CLB2) gene157, termed the UASCLB.  Many of 
the putative core elements were also able to be activated by UASCLB with a threshold of 
2-fold increase in fluorescence (Figure 3.5a); however, some were not activated by this 
UAS and thus were removed from the candidate pool (Figure 3.5b).  Of the 18 putative 
core elements, three were determined to not be functionally robust with respect to 
activation by an alternative, constitutive UAS element. 
As a second robustness test for generalizability of these cores, we sought to 
demonstrate whether these core elements could be linked with a minimal galactose 
inducible UAS element to enable inducible promoter function in a minimal sequence 
space (Figure 3.1).  To do so, these 18 candidate core elements were linked with 17 bp 
GAL1-derived Gal4p binding sites (GBS), UASG4BS3  and UASG4BS4 , as previously 
described150.  As a means of linking these minimal core elements to a short UAS element, 
we evaluated variable spacing between the TATA box of the core element and the TFBS, 
and found that a neutral AT-rich 30 bp sequence (Figure 3.6a, Figure 3.7a-b) was 
required to avoid possible observed steric hindrances between the Gal4p transcription 
factor and TATA-box binding protein component of PIC (Figure 3.6b-c).  In general, we 
found UASG4BS4 induced expression under galactose better than UASG4BS3 (Figure 3.8) 
with both UAS producing little to no effect under glucose (Figure 3.9).  As with the 
UASCLB, most (Figure 3.10a-b), but not all (Figure 3.10c), putative core elements were 
able to be turned into inducible promoters with the addition of a UASG4BS4.  Of the 18 
putative core elements, two were determined to not be functionally robust with respect to 
	activation by both inducible UAS elements tested.  More importantly, when UASG4BS4 is 
combined with minimal core elements, the expression level in the induced mode for two 
of these promoters is comparable to that of the full native GAL1 promoter, but in only 
22% of the DNA sequence (Figure 3.10a-b).  In fact, when a 54 bp cluster of sequence 
found in native GAL1 containing three Gal4p binding sites is linked with all nine of the 
final core elements, most either reach GAL1 strength or approach it (Figure 3.11).   
  
	 
 
Figure 3.6: AT-rich spacer is required for galactose induction of core element by GBS 
Experiments exploring spacing requirements indicates at least 30 bp spacing is required 
for Gal4p binding site (GBS) to perform.  (a) Sequences of spacers used to distance GBS 
from core element.  Restriction enzyme sites are indicated by red font.  (b) No induction 
was observed when GBS was spaced just 5 bp upstream of the core element (n=3).  In 
fact, two of the three promoters tested showed a reduction in expression under galactose 
induction.  (c) Thus, GBS was positioned upstream of all core elements 17 bp and 30 bp, 
with the latter distance yielding the largest induction.  Shown here is data for UASG4BS4 
coupled with core elements under galactose induction (n=3).   All error bars represent 
standard deviation among biological triplicates. 
	 
Figure 3.7: AT-rich spacer is neutral under glucose and galactose media for all core 
elements tested 
AT-rich spacer was designed to be free of TFBS as determined by the TFBS database 
YEASTRACT158 at the time of design, and free of TATA boxes and TATA-like boxes 
(up to 2 mismatches to TATAWAWR).  (a) 30 bp neutral spacer does not respond to 
galactose induction (n=3).  (b) 30 bp neutral spacer has little to no effect on the core 
element’s expression under glucose (n=3).  Error bars represent standard deviation among 
biological triplicates. 
	 
Figure 3.8: UASG4BS4 is a stronger amplifier than UASG4BS3 under 2% galactose   
Induction by two Gal4p binding sites (GBS), Gal4BS3 (G4BS3) and Gal4BS4 (G4BS4) 
demonstrates both differential TFBS function as well as generic function of the core 
elements.  GAL1 promoter serves as the positive control.  Error bars represent standard 
deviations among biological triplicates. 
 
	 
Figure 3.9: Effect of a Gal4 binding site on core elements under glucose 
Both Gal4p binding sites, Gal4pBS3 and Gal4pBS4 have little to no effect on expression 
of core elements where glucose is sole carbon source. Error bars represent standard 
deviations among biological triplicates. 
	 
Figure 3.10: Core elements can be used to create strong inducible promoters 
Core elements were paired with a Gal4p binding site (GBS). Specifically shown here is 
UASG4BS4.  With the carbon source as galactose, promoters are induced.  In some 
promoter pairings, promoter strength is that of full native GAL1 promoter (b), but at a 
fraction of the length as shown in the scaled illustration (a).  Of the 18 core elements 
tested in this construct, two did not activate with both UASG4BS3 and UASG4BS4 . For 
demonstrative purposes, one rejected core element is shown here (c).  Error bars 
represent standard deviations among biological triplicates. 
 
	 
Figure 3.11: Multiple GBS provide strong induction 
A 54 bp sequence stretch derived from the 5ˋ end of the native GAL1 promoter contains 
three Gal4p binding sites.  These binding sites are represented by dark purple boxes.  
This 54 bp region was hybridized with core elements using an AT-rich spacer to distance 
the region from the core.  Under galactose, promoters increase in strength approaching 
GAL1.  Error bars represent standard deviation of biological triplicates.  Promoters 
depicted as boxes are drawn to scale with respect to length.  Error bars represent standard 
deviations among biological triplicates. 
 As a third robustness test, we sought to determine context dependency of core 
elements linked with UASCIT and UASG4BS4, as well as without any UAS (Figure 3.1). 
Promoters with limited context dependency provide a predictable and orthologous tool 
for simplified synthetic biology. Thus, to ensure our set of core elements is context 
	independent, we applied a simple test; we analyzed their expression strengths by flipping 
the entire expression cassette and re-introducing it back into the same plasmid location 
(Figure 3.12).  Although this test does not confirm complete orthogonality, it certainly 
provides evidence for a more context independent promoter.  Prior evidence within our 
lab supports the finding that native promoters (including CYC1 shown in Figure 3.12a) 
can demonstrate drastically different transcriptional profiles in light of this test, thus 
highlighting the importance of developing context independent parts.  Of the 18 putative 
core elements, five were determined to not function in a context independent manner 
making this test the most stringent one applied to the core elements (Figure 3.12b).  
  
	 
Figure 3.12: Promoters made using the core elements show less context specificity than 
commonly used CYC1 promoter  
(a) CYC1 promoter’s function is completely abolished when positioned differently within 
plasmid, whereas most promoters showed little to no effect (n=3). Of the 18 core 
elements subjected to this test, four were determined to be context dependent and 
therefore, were rejected. For comparative purposes, one of these rejected core elements is 
shown (b) (n=3).  Error bars represent standard deviation of biological replicates. 
As a final robustness test, we sought to evaluate the impact of these core elements 
with different genes.  Thus, an alternative reporter gene was used to ensure promoters 
could be successfully applied to other expression systems.  Using LacZ as an alternative 
ORF, we demonstrate that all core elements with and without a UASCIT can induce 
	transcription of LacZ in a similar fashion as the fluorescent protein (Figure 3.13).  
Furthermore, we also show that fluorescence levels measured with flow cytometry 
correlate well with mRNA abundance levels indicating that the function of these elements 
is indeed at the transcription level (Figure 3.14).  Thus, core elements isolated via this 
scheme were seen to function independently of the downstream gene. 
  
	 
 
Figure 3.13: Mean fluorescence from flow cytometry parallels luminescence from LacZ 
assay under glucose growth 
Select synthetic hybrid promoters were used to drive expression of β-galactosidase. 
Enzyme activity of β-galactosidase was quantified by measuring its product’s 
luminescence.  This data supports the premise that these promoter elements are 
independent of the gene being expressed (n=3).  Error bars represent standard deviation 
of biological replicates. 
   
	 
Figure 3.14: Fluorescence driven by synthetic promoters correlate with mRNA 
abundance 
mRNA levels of fluorescent proteins driven by selected synthetic hybrid promoters were 
measured by qRT-PCR. mRNA levels correlate to fluorescence levels.  This correlation 
supports the premise that these elements are functioning at the transcriptional level (n=3).  
Error bars represent standard deviation of technical triplicates. 
3.3.5 Final set of 9 generic, minimal core elements 
In the workflow described above, we sorted through 15 million elements to isolate 
18 putative core elements.  Through a series of robustness tests to isolate core elements 
with desirable characteristics which could be used in synthetic biology efforts, we 
narrowed our usable set to just nine core elements (Figure 3.1).  This indicates that not 
	only do most random sequences between the TATA box and TSS fail to function 
properly, but that many core elements are unable to function in a generic manner 
(especially with respect to genetic context), highlighting the exceptionality of the core 
elements selected in this research.  Although the core elements share common desirable 
characteristics at the phenotypic level, their sequences are quite dissimilar spanning a 
wide range of GC content from 47-70% (Figure 3.15), and possessing  a diversity of 
TFBS, both in quantity, quality and directionality as assessed by the transcription TFBS 
database YEASTRACT158 (Figure 3.15).  Finally, the sequence homology to the genome 
is low among the set as none of them match any sequences found in the genome of S. 
cerevisiae (Figure 3.15).  Thus, this set of 9 minimal core promoters are functionally 
similar and robust, yet sequence diverse.   
	 
Figure 3.15: Minimal core elements and UAS sequences  
Predicted TFBS are indicated by arrows where direction of arrow designates orientation 
of site. Forward TFBS above reference sequence and reverse TFBS below reference 
sequence. TF that bind to these sequences are labeled as such. (a) Core elements are 
distinct from one another spanning a %GC content of 47 to 73. The quantity, quality and 
directionality of TFBS as determined by the TFBS database YEASTRACT158 vary 
greatly. 
3.4 DISCUSSIONS AND CONCLUSIONS 
Prior to this study, yeast promoters required hundreds of base pairs to achieve 
high transcriptional capacity.  Through the methodical workflow developed here, it was 
possible to identify robust, minimal core elements that can be linked with native UAS 
and TFBS.  By using just a single native TFBS, we were able to establish galactose 
	inducible promoters at lengths comparable to bacterial promoters.  In doing so, we 
successful reduced the galactose inducible promoter by 75%.  Moreover, the framework 
developed here can allow for continued advancements in minimization of orthologous 
synthetic promoters in fungal hosts.  
The 9 minimal core elements described here were identified from a pool of 15 
million candidates (Figure 3.1).  On a sequence basis, each of these minimal core 
elements is distinct from both each other and the native S. cerevisiae sequence.  To 
further elucidate potential distinct mechanisms of these elements, it was hypothesized 
that many of these synthetic promoters created with these core elements would use the 
SAGA complex.  A critical component of the SAGA complex is the Spt3p subunit that is 
essential for transcriptional activation159,160.  Testing the SAGA complex interaction of 
core elements hybridized with a UAS (UASCIT, UASG4BS4 ) and without a UAS was done 
in a Δspt3 strain.  Whereas the Δspt3 mutation removed functionality of the GAL1 native 
promoter  as expected161, the impact on each of these core elements by themselves, and 
assembled into assorted promoters varied (Figure 3.15).  While this experiment does not 
conclusively prove linkage to Spt3p dependent transcription, the marked difference for 
each promoter suggest that different transcription initiation machinery is utilized across 
this set of core elements.  This characteristic makes this set an excellent tool for 
generating diverse promoter engineering variants.  
Finally, this workflow highlights the importance of robustness tests for promoters.  
Specifically, we find that generic and interoperable promoters require both robustness to 
	alternative UAS elements and especially genomic context.  Through this work here, half 
of the putative core elements failed these robustness tests and were thus eliminated from 
the final collection.  The most stringent test, context flipping, demonstrates the 
importance of genomic context in performance (and often, mischaracterization) of 
synthetic parts162.  Such robustness analysis is important for future synthetic part 
evaluation.  Moreover, the largest culling seen in the putative pool came at the colony 
analysis level.  Specifically, constructs simply identified through FACS did not always 
function in a robust manner with respect to growth phase, homogenous expression, and 
re-transformation.   
In this work, we simplified the core element and created a set of truly modular, 
context independent and completely synthetic core elements that will lay the framework 
for additional promoter engineering discussed in Chapters 4 and 5.   Moreover, the 
generic workflow presented in this chapter can be followed in alternative fungal hosts to 
further expand their synthetic biology toolboxes. 
  
	Chapter 4: Construction and minimization of the UAS 
4.1 CHAPTER SUMMARY 
With success at identifying minimal core elements, we sought to further minimize 
fungal promoters by shortening the UAS region of the promoter.  A four-faceted 
approach was taken to isolate succinct and modular synthetic UAS that can activate the 
synthetic minimal core elements isolated and characterized in Chapter 3.  First, distinct 
10 bp UAS elements from a single library are isolated and tandem assembled to create a 
strong UAS.  Second, synthetic minimal UAS elements in 10 bp increments are built 
using a library-based approach to obtain a variety of UAS elements that activate a 
synthetic core to a continuum of strengths.  Third, unique G-rich sequences are isolated 
from a well-defined library, and fourth, a rationally designed dCAS9 promoter amplifier 
is applied to synthetic core elements.  With these approaches, promoters as short as those 
annotated in E. coli are established, making these promoters the shortest constitutive 
synthetic promoters described to date in yeast.3  
4.2 INTRODUCTION 
In Chapter 3, the promoter core was minimized to 56 bp by decreasing the 
spacing between the TATA box and TSS.  However, for native promoters, the UAS 
region is considerably longer than the promoter core.  For commonly used constitutive 
promoters GPD, CYC1 and TEF1, this region contributes approximately 87%, 79% and 
																																								 																				
3	Part of the work presented in this chapter was published in “The development and characterization of 
synthetic minimal yeast promoters” Nature Communications (2015) 7810.  Sequences of a select few of 
minimal UAS elements are patented under US patent #20160160299.	
	77% of the promoter DNA capacity respectively (assuming the 5ˋ end of the core begins 
at the TATA-box or TATA-like sequence closest to the start codon).  In terms of absolute 
DNA length, the UAS for GPD, CYC1 and TEF1 is 570, 228, and 308 bp respectively.  
Given that a single 17 bp TFBS can be used to amplify the synthetic core elements 
(Figure 3.10), I hypothesized that this region of hundreds of base pairs could be 
narrowed to just a few tens. 
While the core contains the necessary sequences for PIC assembly, the UAS 
region is responsible for recruiting additional factors which influence the stability of the 
complex.  In doing so, the UAS contributes constitutive and inducible qualities to the 
promoter.  Native UAS’ size is due to a wide range of TFBS distribution and other 
regulatory elements ranging from 100 to 500 bp upstream of the start codon20,22.  At one 
extreme, our experiments in Chapter 2 indicate the UAS can function at distances 
approaching 2,000 bp upstream of the start codon, while at the other extreme, as 
demonstrated in Chapter 3, a single TFBS for Gal4p spaced just 95 bp upstream of the 
start codon can amplify core elements.  Interestingly, for all native promoters, a peak 
TFBS density has been observed at ~100 bp upstream of the TSS18.  This suggests that 
Gal4pBS is not unique in the ability to function in close proximity.  Furthermore, since 
most native promoters contain only one or two TFBS19, and the average length for a 
TFBS17 is ~10 nucleotides, the span of a UAS could theoretically be just tens of base 
pairs.  Thus, it seems reasonable that a UAS can be significantly smaller than the 
hundreds of base pairs found in commonly used promoters.   
	Here, eight promoter libraries, both well-defined and highly-variable, and a 
rationally designed promoter are used to engineer a set of constitutive yeast promoters 
(Figure 4.1a-e).  With these approaches, 72 completely synthetic minimal promoters 
driving a 70-fold expression range from strengths lower than the weak promoter CYC1 to 
ones approaching that of the strong promoter GPD (TDH3) are assembled.  Furthermore, 
a set of 23 de novo minimal UAS elements are established.  By pairing these UAS 
elements with the synthetic short promoter cores described in Chapter 3, the shortest 
promoters described to date in a yeast system are assembled.   
  
	 
 
 
Figure 4.1: Four fold approach to synthetic minimal UAS engineering 
Four approaches are used to engineer minimal UAS elements.  (a) Functional 10 bp UAS 
elements are isolated from a N10-core 1 library and then, (b) tandem assembled to create 
stronger promoters.  (c) Functional and longer UAS elements are isolated from N10-UAS-
core 1 libraries using previously established synthetic minimal UAS elements.  (d) A 
well-defined unique G-rich library is used as source of UAS elements.  (e) A modified 
dCAS9-based sTF is harnessed to amplify synthetic cores via dCAS9 target sequence.  In 
all promoters, an AT-rich neutral spacer is utilized to distance UAS elements from the 
core region.  This is done to avoid steric occlusion of potential activating factors.  All 
boxes are to scale where the synthetic core element represents 56 bp.  
 
	4.3 RESULTS 
4.3.1 Construction of 10 bp synthetic minimal UAS element library 
I hypothesized that the minimal length for an UAS element is the span of a single 
TFBS.  Since most TFBS are within 10 bp17, I reasoned a random N10 library hybridized 
with a promoter core could serve as a source of minimal UAS elements (Figure 4.1a).  In 
this library construction, synthetic core 1 was chosen to serve as the promoter core for the 
core’s robust activation as demonstrated in Chapter 3.  To enable sufficient binding of a 
potential TF to the UAS library, the same AT-rich neutral spacer used to distance the 
TFBS for Gal4p from the core (Figure 3.6) as described in Chapter 3 was employed.  As 
a result, the promoter library scheme follows the general architecture of native yeast 
promoters; the potential TFBS is positioned ~100 bp from the TSS18,163.     
4.3.2 Isolation and characterization of 10 bp synthetic minimal UAS elements 
Using yECitrine as a fluorescent reporter, N10-core 1 library of 1.3 million 
candidates was sorted by FACS (Figure 4.2).  The top 0.15% of fluorescent cells from 
one million measured fluorescent events were collected.  This enriched pool is estimated 
to be composed of 140 UAS candidates.  The strength of these candidates was analyzed.  
To do so, the FACS enriched pool of cells was plated and 119 colonies were picked and 
grown into liquid minimal media.  Strength of the UAS candidates in these liquid cultures 
was determined by flow cytometry.  Plasmids from 28 highly fluorescent cultures were 
isolated and sequenced.  All 28 plasmids were retransformed into fresh BY4741 
background, and fluorescence of biological triplicates in liquid culture was measured by 
	flow cytometry to confirm strength.  Of the 28 candidates, only six were found to activate 
core 1.  In all, from a pool of 1.3 million candidates, six minimal UAS elements were 
identified.  These six UAS are referred to as UASA, UASB, UASC, UASD, UASE, and 
UASF.  When hybridized with core 1, rank in activating strength of minimal UAS 
elements is as follows: UASC > UASB > UASE > UASA ≈ UASD ≈ UASF (Figure 4.3).  
In fact, minimal UASC activates core 1 better than native UASCIT.  Thus, this strategy was 
proven to be effective in isolating minimal UAS elements that activate a synthetic core to 
high promoter outputs.     
  
	  
 
Figure 4.2: Isolation and tandem assembly of 10 bp UAS 
One library of 1.3 million UAS candidates was sorted by FACS. Colony analysis was 
performed on 119 candidates resulting in 28 apparent high functioning candidates. 
Following sequence analysis and additional characterizations, candidates were narrowed 
to just a pool of six UAS.  Of these six, three were assembled in tandem to yield a high 
strength UAS element. 
	 
Figure 4.3: 10 bp UAS activate other synthetic core elements 
10 bp UAS elements derived from a N20 core 1 hybrid promoter library function with 
other synthetic core elements.  Activation by UAS elements is not consistent across core 
elements indicating activation bias of the UAS elements for promoter cores. Error bars 
represent standard deviation among biological triplicates. 
To investigate whether the identified minimal UAS would activate other cores, all 
six UAS elements were hybridized with all nine synthetic core elements to create 36 
promoters.  Promoter strength was assessed with flow cytometry.  With this experiment, I 
demonstrated that these minimal UAS can independently activate many of our minimized 
core elements (Figure 4.3).  However, the above mentioned ranking of UAS elements is 
not consistent across core elements, indicating synergy between certain pairs of UAS and 
	cores.  Core 8 was the least functional with this set of UAS elements, while core 1 was 
the most.  Core 1 being the most functional is not surprising; core 1 served as the 
promoter core in the UAS library scaffold.  Thus, there appears to be a bias of the UAS 
elements for the specific core element utilized in the library.  Nonetheless, UASC was the 
strongest in every promoter context regardless of core element present, suggesting it is 
possible to have an UAS element that is completely modular with respect to the nine 
synthetic core elements. 
4.3.3 Tandem assembly of 10 bp UAS elements to establish stronger UAS 
Next, we sought to demonstrate how these functional minimal UAS elements can 
be linked in tandem and then hybridized with core elements to establish high strength, 
short promoters in yeast (Figure 4.1b).  To do so, the six UAS elements were tandem 
assembled to construct 14 unique, longer UAS.  These sequences were comprised of two, 
three or four 10 bp minimal UAS elements.  Specifically, we investigated the 
functionality of tandem assembled UAS with one another, and multiples of the same 
UAS.  We also investigated the arrangement of UAS elements in a tandem assembly.  To 
evaluate their core activating capabilities, all of the tandem-assembled UAS were 
hybridized with synthetic core 1 to create full length promoters.  To confirm the results 
were not specific to core 1, a select few of tandem-assembled UAS were also hybridized 
with synthetic core 2.  Resulting promoters were used to drive expression of yECitrine, 
and promoter strength was assessed with flow cytometry.   
	None of the multiples of the same UAS tested resulted in stronger promoters 
(Figure 4.4a), and the arrangement of UAS severely affected the promoter output 
(Figure 4.4b).  In all, of the 14 UAS constructs tested, four resulted in stronger 
promoters with each additional 10 bp UAS element (Figure 4.4-4.5).  Ten showed no 
increase in activation with additional UAS (Figure 4.4-4.5), while three actually resulted 
in a weaker promoter (Figure 4.4b).  For the select few tandem-assembled UAS tested 
with another core element, we demonstrate that the relative strengths of tandem-
assembled UAS elements are the same (Figure 4.5a-b).  This suggests the observed 
failure of additional UAS elements to increase transcriptional output is not due to the 
specific core element utilized in the promoter construct.  Of the four UAS that elicited a 
stronger promoter, one was exceptionally strong.  A triple tandem-assembled UAS 
activated core element 1 to 70% of the strength of the strong constitutive yeast promoter, 
GPD (TDH3) (Figure 4.6a-b).  Comprised of just three 10 bp minimal UAS, this high 
strength tandem assembly is just 18% of the DNA space of GPD (THD3) (Figure 4.6a).  
This experiment highlights the utility of UAS tandem-assembly even in the construction 
of hybrid promoters comprised of entirely synthetic parts.    
	 
Figure 4.4: Tandem assembly of minimal UAS 
Minimal UAS elements are tandem assembled and hybridized with core 1 to yield full 
length promoters.  Flow cytometry data for each pane was gathered in the same 
experiment.  Error bars represent standard deviation among biological triplicates. 
	Figure 4.5: Tandem assembled UAS hybridized with two different cores 
Minimal UAS elements are tandem assembled and hybridized with core 1 and core 2 to 
yield full length promoters.  Flow cytometry data for each pane was gathered in the same 
experiment.  Error bars represent standard deviation among biological triplicates. 
	 
Figure 4.6: Synthetic tandem assembled UAS can activate core elements to yield high 
strength constitutive promoters 
(a) Length of promoters is illustrated to scale.  All synthetic UAS (UASF, UASE and 
UASC) are positioned upstream of core element using an AT-rich neutral 30 bp spacer. 
(b) Synthetic UAS elements, UASF, UASE and UASC can activate synthetic core 1 to the 
strength of promoter CYC1.  When UAS elements are tandem-assembled and then 
hybridized to core 1, strengths approaching GPD (TDH3) can be obtained.  This data was 
published in Nature Communications in 2015142.  Error bars represent standard deviation 
among biological triplicates.  
4.3.4 Employment of 10 bp UAS elements in promoter library scaffolds 
Although we were able to tandem assemble 10 bp UAS elements to yield a single 
strong UAS (Figure 4.6b), most combinations of tandem assemblies did not result in 
higher activation of core 1 and core 2 (Figure 4.4-4.5).  We reasoned that individually 
	building on the six unique 10 bp UAS elements with tailored upstream sequences may be 
a more successful approach to construct stronger promoters (Figure 4.1c).  To custom 
build on the 10 bp UAS elements, a N10 library was tandem assembled with each minimal 
UAS element.  These linked UAS were then hybridized with core 1 to construct six 
hybrid promoter libraries of N10-UAS-core 1.  By utilizing libraries to build on the 
minimal UAS elements, cooperative sequences are allowed to be isolated.  These 
sequences may reinstate a cryptic TFBS perturbed during hybridization, strengthen 
binding of the recruited TF to the minimal UAS element, and/or install a spacing 
sequence in the event another TFBS is present in the library sequence space. 
To avoid disrupting putative TFBS identified by YEASTRACT database	158, N10 
was hybridized upstream of these identified sites (Figure 4.7a).  Specifically, nucleotides 
predicted to participate in a TFBS that overlapped with the 5ˋ region upstream of the 
minimal UAS were included the N10-UAS-core library.  To keep UAS size to a 
minimum, all but one of the nucleotides of the TFBS were included in the library.  Thus, 
if the TFBS was indeed being utilized it would still be present in 25% of the resulting 
library.  For UAS without predicted overlapping TFBS (UASE and UASC), N10 was 
hybridized immediately upstream.  Constructed UAS libraries were hybridized with core 
1 and resulting promoter libraries were used to drive expression of yECitrine.   
 
	 
Figure 4.7: Predicted TFBS of synthetic minimal UAS elements 
  
	Figure 4.7: Predicted TFBS of synthetic minimal UAS elements continued 
Numerous TFBS were predicted using YEASTRACT database158.  Arrows indicate 
length, placement and direction of TFBS within the UAS.  TF predicted to bind to these 
sequences are as labeled.  (a) Of the six 10 bp minimal UAS, only three (UASB, UASD, 
and UASF) could be used to construct stronger minimal promoters.  Color of sequence 
indicates origin of sequence.   Sites identified in first round of isolation are still predicted 
to be present in second round of isolation despite lack of annotation.  Some TFBS were 
predicted to overlap into flanking regions (upstream and downstream sequences).  For 
some of these sites, they were disrupted with N10 library additions, but were regained 
during the next round of enrichment.  Such sites are indicated with *.  For example, 
predicted Met31p/Met32p binding site in UASD sequence appeared again in both UASαD 
and UASβD.  (b) UAS that did not function in a N10-UAS-core scaffold.   
  
	4.3.5 Isolation of stronger UAS from tandem-assembled libraries   
Using FACS, the top 0.15% of fluorescent cells from 1 million fluorescent events 
was pooled from each N10-UAS-core hybrid promoter library.  The enriched pool was 
plated, 96 colonies were picked and flow cytometry was performed on liquid cultures to 
identify high strength individuals.  High strength candidates were retransformed and 
promoter strength was confirmed in biological triplicate by flow cytometry.   
Four stronger promoters were successfully isolated from hybrid promoter libraries 
constructed with UASB, UASD and UASF (Figure 4.7a).  However, stronger promoters 
could not be isolated from hybrid promoter libraries comprised of UASA, UASC and 
UASE (Figure 4.7b).  Newly identified promoters are now comprised of a UAS region of 
roughly 20 bp and synthetic core 1.  To identify even stronger promoters, UAS regions 
(UASαB, UASαD, UASαF, and UASβD) from these four promoters were employed in 
additional libraries of N10-UAS-core.  As with the first construction, putative 5ˋ 
overlapping TFBS in the UAS region were preserved when hybridizing N10 upstream of 
the UAS element.  Stronger promoters were successfully isolated from hybrid promoter 
libraries constructed with UASαB, UASαD, and UASαF (Figure 4.7a).  However, stronger 
promoters could not be established from the hybrid promoter library N10-UASβD-Core1 
(Figure 4.7a).  In all, nine UAS elements capable of activating synthetic core 1 were 
isolated and characterized from six hybrid promoter libraries of N10-UAS-core.  Five of 
the nine UAS activated core 1 significantly better than native UASCLB (Figure 4.8-4.9).  
	One UAS was particularly strong; UAS1αD activated core 1 to 68% of GPD strength 
(Figure 4.8-4.9).   
  
	 
Figure 4.8: Construction of stronger UAS 
10 bp UAS elements derived from a N10 synthetic core hybrid promoter library were used 
to build longer and stronger UAS.  10 bp UAS were employed in N10-UAS-core library 
scaffolds (light orange boxes).  UASB, UASD, and UASF were successfully used in two 
rounds of N10-UAS-core library scaffolds.  UASA, UASC, and UASE did not produce 
functional promoters in N10-UAS-core library scaffolds.  UASC could be tandem 
assembled with other 10 bp UAS (dark orange boxes).  Promoter strength is indicated by 
the placement of the left hand side of the box (ie. UASC is 0.35 of GPD strength).  
Nomenclature refers to rounds applied (ie. 1αD and 1αF are not identical in sequence, but 
rather have undergone two rounds in a library scaffold.  Name assignment (α, β, 1, 2) is 
arbitrary.)  Two UAS, UAS1αB and UAS1αF could be further amplified with UASCLB 
(green boxes).  No UAS is defined as spacer-core 1.  
		
Figure 4.9: Strength of UAS elements 
Strength of hybrid promoters is assessed by fluorescence.  Error bars represent standard 
deviation among biological triplicates.   Nomenclature refers to rounds applied (ie. 1αD 
and 1αF are not identical in sequence, but rather have undergone two rounds in a library 
scaffold.  Name assignment (α, β, 1, 2) is arbitrary.)   
While this approach was able to isolate strong UAS elements that function with a 
short minimal core, the resulting set has high sequence homology.  For example, the 
sequences of UAS1αF, UAS2αF, and UAS3αF are ~70% identical since all of these elements 
contain UASαF sequence.  Furthermore, the success rate of this approach to establish 
novel UAS elements was rather low.  First, only half of the six 10 bp UAS elements 
could be used in a N10-UAS-core hybrid promoter library.  Second, even after exhaustive 
	library screening (sorting through 1 million measured fluorescent events and 
characterization of 96 selected colonies from each enriched pool), only one to three 
promoters could be established from each library.  Thus, we sought to use another 
approach to increase the promoter toolbox with UAS elements.   
4.3.6 Construction of G-rich library 
 Libraries discussed thus far have been rather simple.  A region upstream of the 
core is completely randomized.  In addition to keeping the size to a minimum, these 
randomized regions were also kept short to minimize the size of the library, thereby 
enabling a more complete screening of all possible sequences.  For example, a 
randomized region of 10 base pairs yields roughly one million possible sequences.  
However, I reasoned that the number of these sequences that could activate our synthetic 
core may be too small to isolate with our current isolation scheme.  Thus, I sought to use 
a more defined library sequence containing a higher percentage of sequences that could 
potentially activate our synthetic core.  I wanted a library that was still relatively short in 
length (<30 bp) with a limited number of possible sequences (<10 million).  To do so, I 
turned to sequences with a high potential to form G-quadruplexes (GQ) in vivo.  Studies 
show G-rich sequences that have the potential to form complex secondary structures 
called GQ are highly enriched in genomic promoters25.  Since they are well conserved 
across yeast species26, I hypothesized they have the potential for cross-species 
functionality.  Thus, G-rich sequences poised to be an intriguing source of UAS elements.  
	While their mechanistic role in promoter regions is largely unknown, I hypothesized their 
short sequence could be exploited as a minimal UAS element.   
There exists great flexibility in the kinds of sequences that can form G-
quadraplexes.  In general, potential GQ-forming sequences require at least four guanine 
tracts separated by linkers164.  Tracts are defined as three or more guanine residues in 
succession with longer tracts being more stable164.  For our library, tracts of three 
guanines were chosen to keep overall length to a minimum.  Linkers range from one to 
seven nucleotides with shorter conferring increased stability164,165, and greater variation 
in topology166.  Linkers were randomized and a consistent linker length of 3 bp was 
chosen to construct a library of appropriate size.  A randomized region shorter than 3 bp 
would yield a small number of possible sequences.  To further aid in flexibility, flanking 
regions of the G-rich sequence were also randomized.  Thus, the UAS library had the 
following sequence: NG3N3G3N3G3N3G3N.  This library was hybridized with synthetic 
core 1 (Figure 4.1d).  To ensure any potential secondary structures did not interfere with 
RNAPII binding at the TATA box, a spacer was used to distance the library from the 
core.  Specifically, the same AT-rich neutral spacer used to distance the TFBS for Gal4p 
from the core (Figure 3.6) as described in Chapter 3 was used in the library 
construction.  
4.3.7 Isolation and characterization of G-rich UAS elements 
The final G-rich library was comprised of up to 2.9X106 unique candidates (as 
determined by the number of E. coli transformants), and was used to drive the expression 
	of yECitrine fluorescent reporter.  Top 0.1% of two million fluorescent events from the 
library was sorted by FACS under exponential and stationary growth phases.  Of 96 
colonies analyzed, three G-rich UAS elements derived from the stationary growth phase 
sort were confirmed to bestronger than the weak promoter CYC1.  Further 
characterization reveals that under exponential phase, these promoters are weak, similar 
to that of the weak constitutive promoter CYC1.  However, under stationary growth 
phase, the measured fluorescence levels dramatically increase.  UASG-richB- core1 
promoter in particular results in a 227% increase in fluorescence from exponential growth 
to stationary growth, approaching 61% the fluorescence driven by the strong constitutive 
promoter, GPD (TDH3) (Figure 4.10a).  Furthermore, it does so at a fraction of the 
length (Figure 4.1b).    
  
	  
Figure 4.10: Unique G-rich UAS elements display ramp-up characteristics 
(a) G-rich UAS elements hybridized to synthetic core 1 are smaller than commonly used 
GPD (TDH3) and CYC1 promoters.  Promoters shown here are to scale with 100 bp as 
indicated.  (b) G-rich UAS elements hybridized to core 1 result in higher fluorescence 
levels in later growth stages.  Error bars represent standard deviation of biological 
triplicates.  GPD (TDH3)-driven fluorescence remains constant in contrast.  In 
exponentially-growing cells, G-rich UAS elements drive low expression, similar to that 
of CYC1.  With increased growth, a G-rich UAS element activates core 1 to reach 61% of 
the fluorescence attained with promoter GPD (TDH3).  (c) Sequences of G-rich UAS 
elements are diverse.  GQ-potential forming sequences are boxed.  Multiple GQ-forming 
potential sequences are present although libraries were not intentionally made so.  All 
contain at least one GQ-potential forming sequence on their non-template strand (3ˋà5ˋ).  
Error bars represent standard deviation among biological triplicates. 
	4.3.8 dCAS9 amplification of core elements 
For additional activating sequences, we turned to a rational design approach.  The 
experiments described in this section were performed by Matthew Deaner.  In our 
rational design, we used a TFBS to amplify synthetic cores.  We chose a binding site that 
recruits an easily programmable and orthologous sTF, a dCAS9-based TF.  dCas9 is an 
RNA-guided endonuclease whose endonuclease activity has been removed through 
mutations167.  dCAS9, like CAS9 can be targeted to a specific sequence through tight 
binding of the associated single guide RNA (sgRNA) to a complementary sequence168.  
The ability to target binding with an RNA sequence made this protein an attractive TF 
source.  Engineers were able to successfully engineer a dCAS9-based sTF by fusing 
dCAS9 with a tripartite transcription activator VP64-p65-rta (VPR)169.  This sTF can be 
easily targeted by either altering (i) the sgRNA sequence expressed to complement a 
desired DNA sequence, or (ii) the targeted DNA binding sequence to complement the 
expressed sgRNA sequence.  In our promoter construction, we sought to use the sgRNA 
site as a minimal UAS due to the site’s short size.  A high performing sgRNA site can be 
as small as 20 bp due to the high binding affinity of the dCAS9-associated sgRNA for the 
site170.  The high affinity makes the system highly orthologous, and thus an excellent 
synthetic biology tool to exploit for promoter engineering efforts.   
In our rational design, we positioned a sgRNA binding site 30 bp and 50 bp 
upstream of minimal core elements 1, 3, 5, 8, and 9.  We showed that the 50 bp 
arrangement resulted in the greatest amplification (Figure 4.11a).  Positioning the 
	sgRNA site just an additional 20 bp upstream, from 30 bp to 50 bp doubled the strength 
of all promoters constructed.  This dramatic difference in expression indicates a high 
sensitivity to location with respect to a promoter core, and may be due to steric 
hindrances of the dCAS9 TF and RNAPII and its associating TFs.  By distancing sgRNA 
site 50 bp upstream of synthetic core 5, we crafted a promoter reaching 60% of the 
strength of GPD (TDH3) (Figure 4.11a).  Moreover, we demonstrated that this short 
sgRNA site along with expression of dCAS9 TF can amplify transcriptional capacity of 
cores 670 to 1258% (Figure 4.11b).  This is the first time a dCAS9 artificial TF was 
employed in a hybrid promoter manner to amplify the transcriptional output of a 
synthetic promoter core. 
  
	 
Figure 4.11: dCAS9 amplification of core elements  
(a) 20 bp sgRNA site was positioned 30 bp and 50 bp upstream of selected synthetic core 
elements 1, 3, 5, 8, and 9.  50 bp spacing of sgRNA site allows for higher amplification 
of core elements.  (b) When sgRNA is expressed, hybrid promoters with sgRNA site 
positioned 50 bp upstream of synthetic core elements increase expression of yECitrine.  
Error bars are standard deviations of biological triplicates. 
4.4 DISCUSSIONS AND CONCLUSIONS 
By drawing from four sources of synthetic minimal UAS elements, a set of 
interoperable and modular UAS elements was established (Figure 4.1a-e).  By 
hybridizing this unique set with synthetic minimal core elements, the shortest constitutive 
	promoters were constructed in S. cerevisiae, greatly expanding the promoter toolbox for 
this host organism.    
The first source of synthetic minimal UAS elements was a pool of 1.3 million 10 
bp UAS candidates (Figure 4.2).  From this pool, a set of six constitutive unique 10 bp 
UAS elements was isolated.  Modularity of the elements as distinct activations parts was 
demonstrated.  First, they were hybridized with all nine synthetic minimal core elements 
to synthesize full length functional promoters (Figure 4.3).  Second, they were tandem-
assembled with both synthetic and native UAS elements to create even stronger 
activating sequences (Figure 4.8).  Hybridized with core 1, these full length promoters 
approach strengths of GPD (TDH3).  
Next set of UAS candidates were sourced from rounds of N10-UAS-core hybrid 
promoter library scaffolds.  Six 10 bp modular UAS elements described above were 
employed in two rounds of N10-UAS-core hybrid promoter library scaffolds totaling 7.4 
million candidates.  In doing so, nine additional constitutive minimal UAS elements were 
created, with a wide range of sequence diversity and predicted TFBS (Figure 4.8a-b).  
Interestingly, sequence analysis revealed a positional bias of predicted TFBS towards the 
5ˋ end of the UAS.  This bias may indicate a TFBS generally requires more than a 30 bp 
spacing from the core for optimum performance.  Indeed, for native TATA promoters, 
TFBS are generally found an additional ~25 bp upstream than those in TATA-like 
promoters18.  Overall, this method of UAS element construction yielded a promoter 68% 
of the strength of GPD (TDH3) in less than 20% of the sequence space.   
	To further add to the synthetic minimal UAS element tool box, G-rich library 
comprised of four guanine tracts with high potential to form a well-conserved promoter 
GQ was employed.  G-rich UAS elements derived from this library were eventually 
sequenced albeit with much difficulty (Figure 4.10c).  Indeed, the sequence 
complications encountered were indicative of strong secondary structure formation.  
Consistent with formation of strong secondary structures, poor DNA yields of the double 
stranded G-rich oligonucleotide were observed.  The addition of a GC stabilizer such as 
DMSO during double stranding did not remedy the problem, but actually, decreased 
DNA yields.  This decreased double stranding efficiency is consistent with the G-rich 
oligonucleotide forming GQs in vitro, as GQs are reportedly stabilized by DMSO171.  
Although the library was synthesized with guanine tracts on the template strand, due to 
the occurrence of multiple insertions, all three G-rich UAS have at least one set of 
guanine tracts on the non-template strand (Figure 4.10c).  This lies in contrast to native 
promoters where GQ tend to be on the template strand25.  Given the synthetic nature of 
our promoter scaffold, it is possible that the GQ is only functional on the non-template 
strand.     
In collaboration with Matthew Deaner, a sgRNA site was tapped as a source of 
minimal UAS to add to our synthetic promoter toolbox.  dCAS9-based sTF was enlisted 
to bind to a 20 bp sgRNA site and cause amplification of selected core elements.  In all 
promoters constructed, dCAS9-based sTF functioned to amplify the core elements.  In 
fact, we were able to assemble short minimal promoters at 60% of the strength of GPD in 
	less than 20% of the sequence space.  Interestingly, there was a dramatic increase in 
amplification when the sgRNA site was positioned from 30 bp to 50 bp upstream of the 
core elements.  Thus, there is potential room for improvement by investigating the 
optimal spacing of the bound dCAS9 to RNAPII and its associating TFs within the 
promoter.  Nonetheless, at 50 bp spacing of the sgRNA site, there was a 670 to 1258% 
amplification of core elements (Figure 4.11b).  The fact this dCAS9 promoter amplifier 
functioned in all promoters assembled highlights its modularity and its potential to 
amplify other cores.    
In all, 18 UAS elements were derived from eight libraries (Table 4.1a-e).  2 
additional were rationally designed; 1 tandem assembled triple UAS, and 1 dCAS 
amplifier.  When hybridized with minimal core elements, 73 fully synthetic promoters 
were assembled that drive a 70-fold expression range (from core 4 to UASF-E-C-core 1) 
reaching levels as high as 70% of GPD (TDH3) in less than 20% of the sequence space 
(Figure 4.8).  When hybridized with endogenous UASCLB, 90% of the strength of GPD 
(TDH3) was obtained (Figure 4.8).  Lastly, all of the strategies utilized are applicable to 
other organisms to build their toolboxes.        
  
	Chapter 5: Establishment of an isolation scheme for the identification of inducible 
promoters in Saccharomyces cerevisiae. 
5.1 CHAPTER SUMMARY 
In S. cerevisiae, molecular biology investigations and synthetic biology efforts are 
dampened by the lack of minimally-sized inducible promoters.  To address this, we 
sought to establish an isolation scheme for the identification of minimal promoters that 
can be induced with inexpensive small molecules present in the media.  Such promoters 
can allow engineers and scientists alike the flexibility to turn on transcription as desired 
while keeping costs and DNA importations to a minimum.  In this chapter, I design a 
high-throughput FACS-based isolation scheme, iCAPTR (Isolation of Conditionally 
Activated Parts for Transcription Regulation) and in a pilot test of iCAPTR, isolate a 
completely synthetic galactose-inducible UAS that can activate a synthetic core to 
maximum levels as high as the native Gal4pBS.  With further improvements to iCAPTR, 
I demonstrate the potential of iCAPTR through the establishment of seven maltose-
inducible minimal promoters that provide induction at a continuum of strengths.   
5.2 INTRODUCTION 
Manipulation of gene expression is useful for a variety of scientific fields.  For 
metabolic engineers, inducing expression of a burdensome gene in a robust growth phase 
can greatly decrease and even completely eliminate toxicity of a protein and/or its 
products.  For molecular biologists, gene induction provides a way to mechanistically 
understand cell biology and physiology by observing the effects the abundance of a 
protein has on a biological system.  Although numerous specialty systems are available to 
	allow for this kind of cellular control at the DNA level172, the majority require 
modification of the gene of interest, either by (i) adding RNA-based switches for 
translational control173-177, (ii) fusing additional protein domains to direct cellular 
localization or allow for active site manipulation, or (iii) splitting it for expression of two 
inactive protein fragments that regain their activity upon light or small molecule induced 
association178.  These sophisticated systems require significant engineering of the protein 
of interest, and potentially, the background strain.  I argue that the oldest and simplest, 
yet most effective method is to employ inducible promoters.    
A list of inducible promoters is available for use in yeast179, with native 
promoters, GAL1, CUP1 and ADH2 being the most commonly used16 (Table 5.1).  GAL1 
remains the most popular for two qualities.  First, GAL1 can deliver tight-regulation of 
expression. In the presence of glucose, the GAL1 promoter is completely repressed, and 
in the presence of galactose, a 1000-fold increase in expression has been observed180.  
Second, GAL1 can also provide rapid induction of the gene of interest.  The rapid 
increase in expression can be achieved in just four hours180.  However, carbon-sourced 
promoters like GAL1 are not desirable for several reasons.  First, since these promoters 
can be highly repressed in the presence of glucose, as is the case with both GAL1 and 
ADH2 (Figure 5.1), they require a laborious washout of glucose to obtain maximum 
induction.  Secondly, this necessary carbon swap can greatly alter the transcriptome and 
metabolome181,182, and as a consequence, complicate metabolic engineering efforts and 
mechanistic understandings of cellular biology.  Lastly, since the inducer can be 
	metabolized, the strength of the promoter can wane unless the inducer is consistently 
supplied181.  A popular alternative to carbon-sourced promoters is the native Cu2+-
inducible CUP1 promoter, which can be induced 20-fold (Table 5.1)183.  However, in 
addition to being leaky (driving expression without inducer present), CUP1’s inducer can 
perturb enzyme activities184, potentially interfering with heterologous enzymes.  
Regardless of their induction mechanism, all native inducible promoters, like their native 
constitutive cousins are rather long.  For the most commonly-used ones, they are over 
450 bp long (Table 5.1).     
  
	Promoter 
Commonly 
Used 
Inducer* 
Max. fold 
Induction** 
Length 
(bp)*** Pros Cons 
GAL1 Galactose 1000180 453180 
Tightly 
controlled, 
rapid 
induction185 
Requires low 
glucose, 
weakens as 
galactose is 
consumed185 
ADH2 <1%glucose 200 186 573186 
Highest max 
transcript 
output185 
Requires low 
glucose185 
CUP1 Cu
2+
  50187 450188 
Not carbon-
sourced, 
highest after 
diauxic 
shift189 
Leaky185, 
inducer perturbs 
enzyme 
activities184 
Table 5.1: Commonly used native inducible promoters 
*Other inducers are possible.  For example, CUP1 can also be induced with low pH190, 
and DNA damage/oxidative stress191.  Commonly used inducer is typically the easiest to 
apply and often stimulates the strongest induction.  **Maximum fold induction ever 
reported in literature.  Value may be lower when applied.  For example, in our studies 
GAL1 only induced 400-fold (Figure 5.3). ***Length used in literature to date  Actual 
functional length may be shorter. 
Another way to control expression at the DNA level is to recruit an imported TF 
to a targeted promoter for transcription manipulation.  One of the most effective 
exogenous TF/promoter systems is the estradiol-activated sTF and its targeted promoter.  
Two general versions of the estradiol-activated sTF exist.  One utilizes the Gal4p DNA 
binding domain96, while the other relies on the more orthologous and programmable zinc 
finger DNA binding domain105.  Both target the GAL1 promoter, either the native 
	sequence or a modified version of the promoter.  These sTF are able to induce 
transcription 200-fold and 50-fold, respectively, with the latter delivering tight-
regulation.  Although the estradiol-activated system offers an orthogonal way to 
manipulate protein expression at the DNA level, the system has drawbacks.  Aside from 
the high cost of the small molecule inducer, estradiol ($2,000/g	75), this system requires a 
significant amount of DNA importation for application.  In addition to the lengthy target 
promoter DNA of over 450 bp, an entire expression cassette for the sTF is necessitated.   
Thus, for similar reasons to shorten the constitutive promoter, I sought to 
minimize the inducible promoter.  To do so, I propose to isolate minimal UAS elements 
that when hybridized with a minimal synthetic core activate transcription in the presence 
of inexpensive small molecules (galactose, caffeine, itaconic acid, aspirin, eugenol, 
vanillin, calcium, copper and maltose).  In this chapter, I establish a high-throughput 
FACS-based isolation scheme, iCAPTR (Isolation of Conditionally Activated Parts for 
Transcription Regulation).  During the pilot test of iCAPTR, I isolate a completely 
synthetic, minimal, galactose-inducible UAS element that activates synthetic core 1 to the 
same maximum expression as a native Gal4pBS.  To further demonstrate the utility of 
iCAPTR, I isolate a set of synthetic, minimal, maltose-inducible promoters with the 
strongest driving expression as high as the strong constitutive TEF1 promoter.   
	5.3 RESULTS 
5.3.1 Library design for iCAPTR 
To isolate inducible promoters, I used a library-based approach similar to that 
applied in Chapter 4.  Specifically, I hybridized a randomized region to a synthetic core 
element to create a hybrid promoter library.  By sorting this library under a desired 
inducible condition for strong promoters, I hypothesized that I could obtain a sequence 
that is activated under that specific condition (Figure 5.1).  For the “inducer condition”, I 
sought to use small molecules present in the liquid culture media.  In Chapter 4, I 
demonstrated that a N10 region in a hybrid promoter library scaffold provides sufficient 
sequence space to obtain synthetic constitutive UAS elements.  However, for the 
inducible minimal promoter library, the randomized UAS region was lengthened to 20 
bp.  Given that native promoters with dynamic expression profiles tend to be TATA-
promoters10, and that TATA-promoters tend to have longer TFBS sites18, I hypothesized 
that any potential activator would require more than 10 bp to bind.  Thus, we established 
a N20-core hybrid promoter library.  The same AT-rich spacer used in the constitutive 
hybrid promoter library described in Chapter 4 was used to distance the N20 upstream of 
the core, and synthetic core 1 was chosen for its robust activation as demonstrated in 
Chapter 3.   	
5.3.2 Pilot test of iCAPTR: Isolation of galactose inducible UAS 
To test iCAPTR, I first attempted to isolate a synthetic, minimal galactose-
inducible promoter.  Gal4p is the TF responsible for the dramatic induction of native 
	GAL promoters.  Work presented in Chapter 3 demonstrated that Gal4p can activate our 
synthetic core elements via a Gal4pBS under galactose conditions.  With a consensus 
binding site of CGGN11CCG192, I hypothesized a Gal4pBS could be isolated from a N20 
library under galactose growth conditions.  To test the hypothesis, N20-core 1 hybrid 
promoter library containing up to 2X106 unique candidates was used.  This library was 
used to drive the expression of the fluorescent reporter yECitrine.  In the first step of 
iCAPTR, the highest fluorescent cells from N20-core 1 hybrid promoter were sorted with 
FACS under the inducer (Figure 5.1).  Specifically, the top 0.1% of two million 
measured fluorescent events was pooled to isolate the highest functioning candidates 
(Figure 5.1).  Sorting was performed with 2% galactose as the sole sugar source (Figure 
5.2a).  In step 2 of iCAPTR, the sorted cells were recovered in 2% glucose minimal 
media liquid culture, plated on inducer (2% galactose) and 90 strongly fluorescent 
colonies were picked qualitatively (Figure 5.1).  For step 3, fluorescence of the 90 
cultures was measured under inducing (2% galactose) and non-inducing (2% glucose) 
conditions by flow cytometry (Figure 5.1).  For the control, core 1 was linked with the 
AT-rich spacer used to distance the N20 library from core in the scaffold.  The control 
was subjected to the same sorting conditions to compensate for any selection bias that is 
not a result of the library sequence upstream of the core in the plasmid.  
Under galactose, 70 of the 90 cultures characterized in step 3 of iCAPTR were 
higher in expression than our control (spacer-core 1) (Figure 5.2a).  Of those 70, 17 
induced more than 10-fold (Figure 5.2a).  These were analyzed in biological triplicate in 
	step 4 of iCAPTR after retransformation into fresh BY4741 to gain a more accurate 
assessment of expression strength (Figure 5.1).  In step 4, only 2 of the 17 were 
confirmed to be inducible under galactose (Figure 5.2a).  In fact, a 20 bp UAS element 
was obtained that responded to galactose just as well as the native Gal4pBS present in 
GAL1 promoter (Figure 5.2b).  Sequence BLAST of this UAS element reveals a 
completely synthetic sequence (BLAST Evalue of 6.1).  Although the UAS does not match 
any yeast genomic sequences, the sequence does follow the Gal4pBS consensus sequence 
(Figure 5.2c).   
  
	 
Figure 5.1: Outline of iCAPTR 
After a pilot test of iCAPTR with galactose as inducer, improvements to step 1 (shown in 
italics) were performed.  In step 1, a N20-core 1 hybrid library on plasmid was 
transformed into S. cerevisae and sorted by FACS.  In the pilot test, top 0.1% of 
fluorescent cells were sorted by FACS with inducer present.  After pilot, this step was 
altered to two tandem sorts: 20-40 percentile sort without inducer, and then, top 10% with 
inducer.  This step was further improved with a plasmid isolation and yeast 
retransformation step.  In step 2, the sorted cells were recovered overnight, plated with 
inducer, and strongly fluorescent colonies were picked qualitatively with a blue light.  
Picked colonies were grown in liquid media, and underwent one -80° C freeze/thaw cycle 
before having fluorescence measured by flow cytometry with and without inducer (Step 
3).  In step 4, plasmids were extracted from cultures with highest ratio of fluorescence 
with inducer and fluorescence without inducer, and retransformed into fresh BY4741 
background to have induction strength confirmed in biological triplicate.   
	 
Figure 5.2: One synthetic high strength galactose-inducible UAS element was derived 
from pilot test of iCAPTR  
iCAPTR (Figure 5.1) was successful in isolating not just a galactose-inducible UAS 
element, but a completely synthetic UAS element.  (a) Top 0.1% of 2 million cells from a 
library pool of up to 2.1 million unique candidates were sorted by FACS with 2% 
galactose as the sole sugar source.  Colony analysis was performed on 90 candidates.  
Under galactose, 70 of the 90 were stronger than spacer-core 1 control under 2% 
galactose.  Of those 70, 17 induced more than 10-fold during the initial screen.  After 
retransformation, 2 induced more than 2-fold with one candidate driving high maximum 
expression under galactose.  (b) One galactose-inducible UAS element, UASSynthGAL was 
shown to be strongly induced under galactose conditions, functioning similar to the 
strongest native Gal4pBS.  Error bars represent standard deviations among biological 
triplicates.  (c) Sequence of UASSynthGAL follows consensus sequence for Gal4pBS.  
However, actual sequence is completely synthetic with an Evalue BLAST score of just 6.1.  
	5.3.2 Selection of inducer set 
With the establishment of an isolation scheme, a set of eight inducers was 
selected.  I selected compounds that as a set affect a spectrum of cellular pathways, are 
readily available and have low cost (Table 5.2).  Additionally, the compounds needed to 
be soluble in aqueous solution at the effective concentration.  This ensured the inducers 
could be easily added to liquid media for induction.  I included small molecules, vanillin, 
calcium, copper, and maltose known to induce genomic promoters, ADH6/ADH7, FKS2, 
CUP1, and MAL complex locus respectively.   
  
	Prospective 
inducer Cellular effects 
Concentration used 
Exponential 
sort (C5-10) 
Stationary 
sort (C40-50) 
Caffeine  
Alters cell wall architecture via Pkc1p-
mediated cell integrity pathway. Also 
targets Tor1 kinase193. 
500 µM 6 mM 
Itaconic acid  Petrochemical precursor 1.0 g/L 4.5 g/L 
Aspirin  
Increases mitochondrial and cytosolic 
superoxides, increases oxidation of 
mitochondrial NAD(P)H194.  
7 µM 500 µM 
Eugenol 
Increases cytosolic Ca
2+195, interferes with 
permeases that transport aromatic and 
branched-chain amino acids through 
cytoplasmic membrane196. 
25 µM 100 µM 
Vanillin*197 
Induces formation of cytoplasmic 
messenger ribonucleoproteins granules198, 
activates oxidative stress-responsive 
Yap1p199 and general stress responsive 
Msn2p200 
2 mM N/A 
Calcium*201 Calcineurin-dependent pathways202 10 mM 200 mM 
Copper*188 Oxidative stress, reduced Cu-transporter expression203 100 µM 500 µM 
Maltose*204 Activates maltose catabolism genes in MAL loci205 2 % w/w** N/A 
Table 5.2: List of prospective inducers  
  
	Table 5.2: List of prospective inducers continued 
A set of prospective inducers was chosen based on their high availability, low cost, and 
wide spectrum of cellular effects.  *Known endogenous promoters are induced by these 
small molecules.  Concentrations used based on survival assays performed.  Inducer 
concentrations used for libraries sorted at exponential growth phase are those that cause 
5-10% decrease in maximum cell culture density (C5-10).  Inducer concentrations used for 
libraries sorted at stationary growth phase are those that cause a 40-50% decrease in 
maximum cell culture density (C40-50).  Vanillin inducer was used as a case study to 
improve isolation scheme.  Stationary phase not sorted for this inducer.  **No survival 
assay performed for maltose inducer.  Concentration used is well established amount for 
induction of MAL genes204.  Stationary phase not sorted for maltose. 
  
	5.3.3 Determination of exposed inducer concentrations through survival assays 
Once a set of inducers was chosen, exposure concentrations were established 
(Table 5.2).  Survival assays were performed in minimal media to determine the growth 
defects incurred by each inducer at varying concentrations.  Growth defects indicate the 
inducer is perturbing cellular functions, a prerequisite for an inducer to function.  Two 
concentrations of inducer were determined with these assays: i) that which reduced 
maximum cell density by 5-10% (C5-10), and ii) that which reduced maximum cell density 
by 40-50% (C40-50).  I hypothesized that the lowest concentration of inducer should be 
used to minimize cellular effects and costs.  Higher, more cellular disruptive 
concentrations were used when no inducible promoters were attained with lower 
concentrations.  Since maltose is a carbon source, a survival assay was not performed 
with this compound.  2% w/w maltose was used based on the traditional concentration 
used to induce MAL promoters204.      
5.3.4 Length and time of inducer exposure to promoter library 
I next chose the length of inducer exposure before sorting and the growth phase at 
which to sort the cells.  Cells were sorted under the inducer at two different growth 
phases depending on the concentration of inducer used (Table 5.2).  Under inducer 
concentrations of C5-10, cells were sorted under exponential growth phase.  I hypothesized 
that cells would be most sensitive to the effects of selected inducer during rapid growth 
and thus, increasing the chances that the inducer signal is encoded by the cells internally.  
As mentioned previously, if no inducible promoter was isolated using the lower, less 
	toxic concentration, the higher concentration (C40-50) was applied.  Yeast cells exposed to 
inducer concentrations of C40-50 were done so at stationary phase due to the toxicity of the 
inducer.  I found that cells exposed to inducer concentrations of C40-50 at low cell 
densities incurred extreme growth defects. Thus, it was pertinent that the cells reach a 
robust growth phase before exposure.  Furthermore, the length of exposure was adjusted 
depending on the inducer concentration.  Cells exposed to inducers at C40-50 were done so 
at stationary growth phase for 4 hours.  In contrast, cells exposed to the lower, less toxic 
concentrations of C5-10 were done so for 14 hours.   
5.3.5 Introduction of FACS under non-inducing conditions removes constitutive 
candidates from library 
Before attempting to derive inducible promoters that respond to the selected set of 
inducers, the isolation scheme needed to be improved.  I acknowledge two exceptional 
qualities of a Gal4p-activated UAS element.  First, Gal4p is able to activate promoter 
cores to high maximum transcription outputs as demonstrated in Chapter 3.  This unique 
quality means galactose-inducible promoters could easily be present in the top 0.1% 
fluorescent cells of the hybrid promoter library under galactose conditions.  However, 
this may not be the case for promoters induced by the presence of the selected inducer 
compounds.  Therefore, to ensure potential inducible candidates are not left out of the 
FACS-enriched pool, FACS was relaxed from the top 0.1% to the top 10%.  However, 
doing so increases the enriched pool size by 100-fold.  A pool that large means only a 
small fraction could be assessed in the initial screen and increases the odds of missing an 
inducible candidate.   
	This brings us to the second exceptional quality of Gal4p:  high DNA binding 
promiscuity.  To successfully derive an inducible promoter with iCAPTR, the chances of 
an inducer-activated TF binding to the hybrid-promoter library needs to be 1 in 2 million, 
if not considerably higher.  Assuming Gal4p can activate a synthetic core via binding to 
any sequence within CGGN11CCG, there are theoretically 30 possible binding sites in 2 
million sequences of a randomized 20 bp region.  However, this high frequency may not 
be the case with the set of selected inducers, and that potential binding sites for inducer-
activated TFs in the library would be largely outnumbered by sites recruiting 
constitutively expressed TF.  Thus, I reasoned that a selection under non-inducing 
conditions would need to be included in iCAPTR.  This selection would not only reduce 
the size of the enriched pool further, but would also remove unwanted constitutive 
promoters from the FACS-enriched pool.   
Thus, N20-core 1 hybrid promoter libraries were subjected two sorts: i) isolation 
of highly fluorescent cells under inducing conditions and ii) isolation of lowly fluorescent 
cells under non-inducing conditions.  To isolate ‘off’ promoters under non-inducing 
conditions, the bottom 30% fluorescent cells from two million recorded fluorescent 
events without inducer present were sorted.  I investigated whether to follow a low/(-) 
inducer sort with a high/(+) inducer sort (L/H), or a high/(+) inducer sort with a low/(-) 
inducer sort (H/L).  During this investigation, vanillin was used as an inducer at C5-10 (2 
mM).  Between sortings, cells of the enriched library were allowed to recover in liquid 
media, and diluted to low cell density to sort again at exponential growth phase.  Cells 
	were exposed to inducer for 14 hours as they grew up to exponential phase.  Both sorts 
were done with cells in exponential growth phase.  
H/L sorting resulted in acquisition of constitutive promoters (Figure 5.3a-b).  21 
bright colonies were picked qualitatively.  Of the 21 analyzed by flow cytometry, the 
expression strength of six with the highest induction was retested (Figure 5.3a).  
Plasmids were isolated, retransformed and induction strength was measured again with 
flow cytometry.  Little to no induction was observed for all six (Figure 5.3b).  Since H/L 
sorting resulted in constitutive promoters, I decided this was not the appropriate sorting 
method to use.   
  
	 
Figure 5.3: Removal of constitutive promoters from enriched pool 
An additional selection was included in the isolation scheme to remove constitutive 
promoters during FACS enrichment.  (a) Sorting highly fluorescent cells (top 10%) with 
inducer followed by a sort of lowly fluorescently cells (bottom 30%) without inducer 
(H/L) resulted in UAS candidates with constitutive function (n=1) as confirmed after 
retransformation (n=3) (b).  (c) Sorting lowly fluorescent cells (bottom 30%) without 
inducer followed by a sort of highly fluorescent cells (top 10%) with inducer (L/H) 
resulted in UAS candidates repressing expression without inducer present  (n=1) as 
confirmed after retransformation (n=3) (d).  Inducer used here is vanillin (2 mM).  
*Indicates which candidates in (a) and (c) were retransformed into fresh BY4741 and 
strength confirmed in (b) and (d) respectively.  Spacer core 1 control was performed in 
triplicate for (a) and (c).  Controls were subjected to same sorting conditions.  All error 
bars represent standard deviations among biological replicates. 
L/H sorting, on the other hand yielded weak repressors (Figure 5.3c-d).  50 bright 
colonies were picked qualitatively.  Of the 50 analyzed, the induction strength of a select 
	four was tested as described above (Figure 5.3c).  All four promoters analyzed showed 
an increase in strength under inducer (Figure 5.3d).  However, maximum expression was 
the same as the spacer-core 1 control, and in absence of inducer, fluorescence expression 
was weakened 28 to 40% compared to spacer-core 1 (Figure 5.3d).  Thus, this indicates 
that the promoter is possibly recruiting a repressor under non-inducing conditions which 
dissociates under inducing conditions.  In fact, repressing activity was observed for all 
candidates during the first colony analysis.  All 50 candidates selected exhibited strengths 
lower than spacer-core 1 when inducer was not present (Figure 5.4a).  While there is still 
an observed induction, given the low strength of the core already, these promoters used as 
is may not be useful for synthetic biology efforts.  Nonetheless, L/H sorting did 
technically yield inducible promoters.  For this reason, a double sorting method was 
introduced to step 1 of the isolation scheme as indicated by italicized text in Figure 5.1.   
 
	 
Figure 5.4: Repressors avoided by excluding bottom 20% fluorescent cells in low sort in 
iCAPTR 
To avoid repressors, double sorting in step 1 of iCAPTR was modified.  (a) When sorting 
the bottom 30% fluorescent cells without inducer followed by a sort of highly fluorescent 
cells, promoters weaker than control (spacer core 1) under non-inducing conditions were 
obtained in first initial strength assessment (step 3).  Under inducing conditions, these 
candidates induced to the strength of the control or less.  (b) When the 20 to 40 percentile 
of fluorescent cells are sorted without inducer, thereby avoiding the bottom 20% of 
fluorescent cells,  no candidates lower than control (spacer core 1) are present under non-
inducing conditions in the first initial strength assessment (step 3).  Vanillin (2 mM) is 
inducer used.  Controls were performed in triplicate and error bars represent standard 
deviation among these biological triplicates.  Controls were subjected to same sorting 
practice as respective candidates.  Fluorescent values for candidates represent one 
fluorescent measurement.      
	5.3.6 Exclusion of extremely lowly fluorescent cells from enriched library under 
non-inducing conditions avoids repressed promoters 
In order to further improve the isolation scheme, I sought to remove repressed 
promoters from the FACS-enriched pool of lowly fluorescent cells under non-inducing 
conditions in step 1 (Figure 5.1).  To remove them, I hypothesized that the lowest 
fluorescent cells need to be excluded from the enriched pool.  To test the hypothesis, I 
used vanillin at C5-10 (2 mM) as an inducer.  Specifically, I sorted out the 20 to 40 
percentile fluorescent cells from N20-core hybrid promoter library without inducer 
present.  Cells were recovered overnight in liquid minimal media without inducer.  Cells 
were then diluted to low cellular concentrations (0.015 OD600), and exposed to inducer 
until culture reached exponential phase (14 hours). 10% of the highest fluorescent cells 
from one million recorded events were isolated.  An enriched pool of cells was recovered 
overnight in liquid minimal media without inducer, and plated onto agar with inducer and 
highest fluorescent colonies were selected qualitatively (step 2) (Figure 5.1).  Select 
colonies were grown in liquid culture and fluorescence was measured by flow cytometry 
at exponential phase (step 3).     
With this experiment, excluding the bottom 20 percent fluorescent cells from the 
enriched pool during non-inducing conditions did avoid repressed candidates (Figure 
5.4a-b).  All selected candidates from a low sort where the bottom 20% was included 
were found to be lower in strength than spacer-core 1 control in absence of inducer 
(Figure 5.4a).  When this bottom 20% of fluorescent cells is excluded, no candidates are 
found to be lower in strength than control (Figure 5.4b).  These results show that by 
	excluding the extremely lowly fluorescent cells from the FACS-enriched pool, repressed 
candidates under non-inducing conditions are avoided.  For this reason, FACS 
enrichment during non-inducing conditions was altered to 20 to 40 percentile in iCAPTR 
(Figure 5.1).  This modification to the double sort in step 1 of iCAPTR is indicated in 
italicized text of Figure 5.1.       
5.3.7 Introduction of retransformation step of enriched library yields accurate 
candidate strength assessment in initial screen 
Next, I sought to address the inconsistency of promoter strengths observed during 
the first assessment.  Specifically, I frequently observed induction traits of candidates 
during the first initial screen of step 3 of iCAPTR only to fail to confirm this strength 
after retransformation into a fresh BY4741 background.  As an example, candidates 
UASvanA-core 1 and UASvanB-core 1 were initially shown to be inducible 2-fold by 
vanillin (Figure 5.5).  However, when plasmids are isolated from these candidates and 
retransformed into a fresh BY474 background, induction is no longer observed (Figure 
5.5).  I hypothesize the source of this transient promoter activity observed in the first 
initiation assessment is largely the result of FACS.  It is well known that numerous 
interrelated factors are associated with a cell’s heterologous protein abundance including 
the initial amount inherited from the mother206, cell size207, growth rate207, age208, 
endogenous protein levels207, epigenetic modifications209, and plasmid copy number	 210.  
In the experiments, I observed that a specific phenotype was favored during FACS.   
Large, granular cells (as indicated by the forward and side light scatter data gathered 
during flow cytometry) were overrepresented in the enriched pool of highly fluorescent 
	cells.  Furthermore, cells exposed and sorted under vanillin, in particular had a more 
robust growth in the presence of the inducer, even after many generations.  In this 
instance, the background strain has possibly undergone long-term transcriptional 
alterations to deal with the stress caused by the inducer.  Thus, the resulting pool of yeast 
cells after FACS and exposure to the inducer, even after many generations appears to 
poorly reflect the expression profile of promoters in newly transformed cells.   
  
	 
 
 
Figure 5.5: Initial screen reflects transient promoter strength 
Promoter candidates UASvanA-core 1 and UASvanB-core 1 were identified as inducible 
promoters during the initial screen (n=1).  However, after retransformation of plasmid 
into a fresh BY4741 background, the promoter no longer appears to induce (n=3).  Error 
bars represent standard deviations among biological replicates.  Vanillin (2 mM) is used 
as inducer.   
Thus, to gain a more accurate assessment of promoter strength during the initial 
screen, plasmids from FACS-enriched cells were isolated and transformed into a fresh 
BY4741 background during step 1 of iCAPTR.  To test the effects of this 
retransformation step, I used vanillin at C5-10 (2 mM) as an inducer.  Indeed, results show 
	that the introduction of this step to iCAPTR does allow the first colony analysis to reflect 
more consistent expression strength of the promoter (Figure 5.6a-b).  Without 
retransformation, most candidates selected during the first colony analysis exhibited a 
1.5-fold increase in presence of inducer (Figure 5.6a).  With retransformation, only 3% 
showed above 1.5-fold increase (Figure 5.6b).  Further colony analysis showed that none 
of these are actually inducible.  Thus, a retransformations step was adopted in step 1 of 
iCAPTR and is indicated by italicized text in Figure 5.1.    
  
	 
Figure 5.6: Introduction of retransformation step to iCAPTR provides a more accurate 
assessment of candidates’ strengths 
To gain a more accurate assessment of candidate expression strength in the first colony 
analysis, enriched libraries were retransformed into BY4741.  (a) Without 
retransformation, most candidates (n=1) selected displayed a 1.5-fold increase in 
presence of inducer.  (b) With introduction of retransformation step, only 3% of 
candidates showed above 1.5-fold increase (b).  With further colony analysis, none of 
these candidates are actually inducible.  Inducer used here is vanillin (2 mM).   
5.3.8 Final implementation of iCAPTR 
Improved iCAPTR was applied to inducers listed in Table 5.2.  Of the 8 inducers 
tested, only two had candidates with more than a 2-fold induction observed in the first 
colony analysis.  Copper had one but was unable to be confirmed when analyzed in 
	biological triplicate in step 4.  29 candidates with a 2-fold induction or higher in the 
presence of 2% maltose were obtained during step 3 (Figure 5.7a).  8 of the 29 were 
selected for strength confirmation in biological triplicate due to either on a high 
maximum expression or high fold induction.  All 8 tested proved to induce in step 4 of 
iCAPTR.  Two were able to drive high maximum expression (Figure 5.7b).   
Unexpectedly, the AT-rich neutral spacer employed to distance the UAS from the 
core drives transcription under maltose.  Core 1 without spacer does not increase in 
strength under maltose (Figure 5.8).  Due to this cryptic maltose-inducibility of the 
library scaffold, one candidate mimicking the induction profile of spacer-core1 was 
discarded.  The final set of seven UAS elements exhibits a range of maximum expression 
from as high as TEF1 to as low as core 1 by itself (Figure 5.8).  In particular, two are of 
relatively high strength.  They contribute to the already maltose-inducibility of the spacer.  
In fact, UASSynthMALA and UASSynthMALB increased the strength 2.0 and 2.3 times that of 
spacer-core 1 under 2% maltose approaching strengths of TEF1 (Figure 5.7b).  To 
identify putative TFBS, sequences were analyzed using the YEASTRACT database158.  
In this analysis, Adr1pBS was identified (Figure 5.7c).  Interestingly, Adr1p plays a key 
role in the function of ADH2 promoter211.  Incidentally, this promoter represents one of 
the commonly-used inducible promoters (Table 5.1).   
  
	    
 
Figure 5.7: Two synthetic maltose-inducible promoters were derived using iCAPTR  
UASSynthMALA and UASSynthMALB were derived from a library with iCAPTR using maltose 
as an inducer.  (a) A library containing up to 2.1X106 unique sequences was sorted by 
FACS twice; 20-40% percentile of fluorescent events followed by top 10% percent of 
fluorescent cells.  An initial colony analysis was performed on 96 candidates under 
inducing (2% maltose) and non-inducing (2% glucose) conditions.  29 of these candidates 
showed >2 fold induction.  A second colony analysis was performed on 8 of the 29.  7 of 
the 8 were confirmed to be inducible UAS elements.  2 of the 7 drove strong expression 
under inducing conditions.  (b) Under 2% maltose as inducer, synthetic minimal 
promoters drive expression as strong as TEF1 (n=3).  Synthetic promoters were 2.0X and 
2.3X stronger under maltose than spacer core 1.  Error bars represent standard deviation 
among biological triplicates. (c) Sequences of maltose-inducible minimal UAS are 
completely synthetic (Evalue = 0.39).  Adr1pBS is predicted by YEASTRACT158 to be 
present in UASSynthMALA.  Arrow indicates length and orientation of TFBS.   
	 
Figure 5.8: Synthetic maltose-inducible promoters possess a continuum of expression 
activation 
Seven synthetic maltose-inducible promoters were engineering using iCAPTR.  This set 
of seven maltose-inducible promoters exhibits a range of expression from as high as 
TEF1 to as low as core 1 by itself.  All synthetic maltose-inducible promoters contain the 
spacer present in spacer-core 1 construct.  Error bars represent standard deviation among 
biological triplicates. 
5.4 DISCUSSIONS AND CONCLUSION 
Engineering efforts to increase inducible promoters thus far have relied on 
painstaking rational design with success highly dependent on previous research on the 
molecular biology of the system’s parts.  Furthermore, engineered promoters, like their 
native cousins still run several hundreds of base pairs (Table 5.1).  To address this, I 
	established a high-throughput FACS-based isolation scheme, iCAPTR.  Through 
implementation of iCAPTR, I isolated a set of galactose and maltose-inducible promoters 
of just ~100 bp.   
The successful isolation of minimal inducible promoters demonstrates the utility 
of iCAPTR.  I argue our isolation scheme could be adapted for other engineering 
applications.  First, iCAPTR could be employed in any organism capable of expressing a 
fluorescent reporter.  Though, I acknowledge high transformation efficiency would 
improve outcomes.  Second, the inducer signal could be extended to non-molecular 
external stimuli such as temperature and light.  Third, the sequence of the library could be 
tailored to suit specific sequence needs.  For example, a potential GQ forming sequence 
library, like that used in Chapter 4 could be employed to isolate GQs that fold and 
induce under GQ-stabilizing compounds.  Lastly, while I focused on activating sequences 
in this work, repressing elements can be attained with this workflow.  During iCAPTR 
improvements (Figure 5.3d), sequence elements that repress under non-inducing 
conditions and lose activity under inducing conditions were accidentally uncovered.  In 
fact, these elements were able to decrease core element strength by 40%.  Finally, 
iCAPTR requires only simple cloning techniques and a FACS instrument.  Thus, this 
generic work flow is not only adaptable, but easy to perform.   
However, the reason the other inducers failed to yield inducible promoters with 
iCAPTR remains unknown.  From a biological standpoint, for an inducer to be an 
effective candidate, the inducer signal must be encoded by the cell internally, specifically 
	in the active states and cellular localizations of TFs, and these perturbed TFs must 
activate the expression of genes.  To successfully isolate TFBS using iCAPTR, recruited 
TFs must induce detectable transcription of the fluorescent protein through interactions 
with the hybrid promoter library.  To interact with the library, the TF ideally must be able 
to (i) bind to a sequence shorter than 20 bp, (ii) operate independently, and (iii) activate 
the synthetic core element at a distance of ~30 bp.  Thus, perhaps the library scaffold was 
not effective TF bait, or maybe the TF perturbed by the chosen compounds cannot elicit 
detectable transcription.  Most likely the failure to obtain promoters responsive to the set 
of the compounds selected is the result of a combination of these two factors.  Thus, to 
further improve iCAPTR, a strategy for stimuli and library selection could be established. 
  
	Chapter 6: Major findings and proposal for future work 
6.1 MAJOR FINDINGS 
The research described in this work had one major goal: expand the promoter 
selection in the production hosts S. cerevisiae and Y. lipolytica.    To accomplish this, the 
promoter was viewed as two distinct modular parts, the UAS and the core.  Through 
hybridization of these elements using hybrid promoter engineering, full length functional 
promoters were assembled.  In this dissertation, universal application of hybrid promoter 
engineering was demonstrated in the non-conventional yeast Y. lipolytica to establish 
high strength promoters.  Next, drawing from these lesson, promoters in S. cerevisiae 
were engineered.  Specifically, two main issues with current S. cerevisiae promoters were 
sought to be resolved: i) high sequence homology due to simple mutations or dependence 
on native scaffolds and ii) overall large size.  To do so,  UAS and the promoter core were 
individually minimized using de novo promoter libraries.  First, fully synthetic, context 
independent, modular core elements were established.  Next, a synthetic core element 
was employed in hybrid promoter libraries to isolate a set of synthetic constitutive 
minimal UAS elements.  Moreover, a high throughput FACS-based isolation scheme, 
iCAPTR was developed to engineer short inducible promoters.  With these approaches, 
the synthetic biology toolbox of S. cerevisiae was expanded with short, synthetic 
promoter parts. 
In Chapter 2, the modularity of promoter parts, UAS and core were illustrated in 
a nonconventional yeast host.  Specifically, UAS1B derived from Y. lipolytica native 
	XPR2 promoter was used to amplify the minimized S. cerevisiae endogenous LEU2 
promoter in the oleaginous yeast Y. lipolytica.  Linear increase in amplification with each 
additional UAS was revealed.  Thus, this approach can be used to tune the strength of a 
promoter.  In fact, up to 24 copies of UAS1B can be used to increase the transcriptional 
output of the LEU2 minimal promoter in Y. lipolytica.  Moreover, these tandem-
assembled UAS can be employed to increase expression of promoter core derivatives.  In 
particular, we hybridized varying lengths of Y. lipolytica native TEF promoter with 8 and 
16 UAS1B repeats.  The observed increase in promoter strength of these TEF derivatives 
highlights the utility of this approach to increase even the transcriptional output of native 
promoters of Y. lipolytica.  In doing so, we overcame native expression limitations, and 
established the strongest promoter characterized in Y. lipolytica.   
 In Chapters 3 through 5, we focused on minimizing the yeast promoter by 
addressing each of the parts separately.  In Chapter 3, a hybrid promoter approach was 
applied to library-derived core elements to establish a set of nine synthetic minimal core 
elements.  To minimize the core, the minimal spacing required between two essential 
core components, the TATA box and the TSS was investigated.  Specifically, the spacer 
sequence and length was randomized to create a collection of 27 libraries.  Evaluation of 
the library strengths revealed a minimal spacing of ~30 bp.  FACS was used to isolate 18 
highly fluorescent candidates from a promoter library where a native UAS was 
amplifying the minimally sized core library.  These candidates were subjected to five 
rigorous tests to ensure core elements were modular and robust.  To ensure modularity, 
	core elements were hybridized with two native UAS, and a native TFBS to construct 
promoters displaying constitutive and inducible qualities.  We confirmed robustness by 
assessing effects of DNA context.  To do so, we alternated the direction of the expression 
cassette in the plasmid and observed expression differences by flow cytometry.  Lastly, 
we showed that the promoters constructed with these core elements could drive 
expression of two genes, the initial fluorescent reporter and a β-galactosidase gene.  In 
the end, nine minimal core elements from 18 initial candidates qualified as robust and 
modular.  Lastly, sequence analysis revealed completely synthetic sequences, bearing no 
resemblance to yeast DNA sequences or to each other.  The sequences span a wide range 
of GC content from 47 to 70% and possess a diversity of predicted TFBS, in terms of 
quantity, quality and directionality.  Thus, this final set of nine minimal core promoters is 
not only robust and modular, but also sequence diverse.  At just 56 bp in length, these 
elements are also the shortest promoter cores described to date in S. cerevisae.     
In Chapter 4, we sought to synthetically minimize the UAS region of the 
promoter.  To do so, we employed a synthetic short core element in eight hybrid 
promoter libraries to isolate constitutive minimal UAS elements.  Specifically, we drew 
from four methods to establish a set of minimal UAS elements.  Frist, we isolated six 
distinct constitutive 10 bp UAS from a N10-core hybrid promoter library using FACS and 
tandem assembled these to create a strong triple tandem UAS to amplify a synthetic core.  
This triple tandem UAS was able to amplify a synthetic core to 70% of GPD strength.  
Second, we sequentially built upon three UAS in 10 bp increments to obtain a toolbox of 
	UAS elements that amplify a synthetic core to a continuum of strengths.  To do so, we 
used the 10 bp UAS elements in multiple rounds of N10-UAS-core hybrid promoter 
scaffolds.  Candidates were isolated with FACS and nine promoters were confirmed with 
flow cytometry.  Six of these UAS elements can activate a synthetic core better than 
native UAS elements, UASCLB and UASCIT.  Third, we tapped into a G-rich library 
hybridized to a synthetic core to establish additional constitutive promoters.  This G-rich 
library was comprised of UAS candidates with a high potential to form G-quadruplexes.  
Three constitutive promoters with strength peaking in late growth phases were derived 
from this library.  The strongest reaches 61% of GPD strength.  Fourth, Matthew Deaner 
and I successfully applied a dCAS9 promoter amplifier to augment five selected core 
elements.  We rationally hybridized a sgRNA site to synthetic core elements and 
illustrated the capacity of a dCAS9-based TF to activate core elements via this site.  In 
all, 18 library-derived UAS elements hybridized with synthetic core elements were 
characterized via flow cytometry.  Two rationally-designed UAS elements (triple tandem 
UAS and sgRNA) were shown to activate core elements to strengths approaching GPD.  
This set of UAS elements hybridized to synthetic core elements collectively drive an 
expression range of 70-fold and reach strengths 70% of one of the strongest promoters 
known to yeast, GPD(TDH3).  By minimizing the UAS region to several tens of base 
pairs, and then hybridizing these short activating elements with minimal promoter cores, 
the shortest promoters in S. cerevisiae were established. 
	In Chapter 5, we developed a generic high-throughput FACS-based isolation 
scheme, iCAPTR.  In iCAPTR, inducible minimal promoters are sourced from a N20-core 
hybrid promoter library scaffold via tandem FACS.  As a proof of concept, we isolated a 
completely synthetic, galactose-inducible, minimal UAS element capable of activating 
core element 1 as strong as the native Gal4p TF.  We improved the workflow and 
demonstrated iCAPTR’s utility through the establishment of two high strength synthetic 
maltose-inducible promoters.  iCAPTR could be implemented into other organisms, and 
has a number of variables that allow it to be easily adapted in other engineering efforts.            
In summary, 9 core elements and 24 constitutive and inducible UAS elements are 
presented in this body of work.  Each part described and characterized is completely 
synthetic and the entire set functions together to create full length promoters of desired 
strengths and qualities greatly expanding S. cerevisiae’s toolbox.  As a set, the parts can 
be assembled into promoters spanning a range of 70-fold in terms of expression.  The 
short size allows for a dramatic reduction in DNA burden by more than 80%.   This 
reduction makes these promoters similar in length with E. coli’s.  Furthermore, due to 
their synthetic nature, the parts have low sequence homology to the genome, and thus 
reduce the possibility of homologues recombination.  With these elements, we increase 
the tools available for S. cerevisiae allowing scientists and engineers alike the ability to 
manipulative gene expression as they see fit.  Lastly, the generic workflow described and 
developed in these experiments are capable of being applied to other organisms to 
increase the quantity and quality of their engineering tools.    
	6.2 PROPOSALS FOR FUTURE WORK 
The research presented in this work significantly contributes much needed 
minimal promoters to the S. cerevisiae toolbox.  I acknowledge some parts may be more 
suited for certain engineering efforts than others.  For example, some may be more robust 
during low pH conditions, making them more appropriate for acid production.  Therefore, 
a complete characterization of the synthetic promoter parts presented in this dissertation 
should be performed.  Specifically, I recommend experiments related to DNA context, 
culture conditions, and TF recruitment.  Lastly, I suggest this set provides an unique 
opportunity to learn about transcription initiation.   
First, the effects of DNA context on the promoters should be further explored.  
Their function in other expression cassettes could be evaluated.  All of the promoter 
characterizations were done with SPG5 as the terminator.  Given the possibility of gene 
loop formation212, in which terminator and promoter make physical contact and 
cooperatively participate in transcription, it would be useful to know the effects of other 
terminators on the synthetic promoters’ function.  All of the experiments were done with 
one plasmid, p416.  Thus, promoters should be evaluated using different plasmids and in 
different genome locations.  Understanding how DNA context like these affect the 
promoters would provide much needed limitations with respect to where and how they 
can be used in a system.   
Second, the synthetic promoters should be characterized in a variety of conditions 
by altering the carbon source(s), nutrient abundance, degree of oxygenation and pH level.  
	These are common factors encountered in synthetic and metabolic engineering, especially 
in large fermentations where they are more difficult to control213.  Anticipating how the 
promoters will function in specific culture conditions is crucial to predictably engineer a 
metabolic pathway.  Promoter strength at these conditions can be measured at the mRNA 
level via qRT-PCR and at the protein level via flow cytometry.  mRNA abundance would 
be especially helpful to determine the transcription activity of the promoters in various 
growth phases.  Elucidation of mRNA levels can help tease apart proteins inherited from 
the mother cell, and therefore, provide an accurate assessment of promoter activity at the 
transcript level.  mRNA levels driven by promoters constructed with G-rich UAS 
sequences would be particularly interesting.  In my studies, expression as measured by 
flow cytometry suggested this promoter remains active into stationary phase, while the 
commonly-used GPD promoter appears to not (Figure 4.10a).  In summary, by 
understanding the conditions under which the synthetic promoters are transcriptionally 
active, synthetic biologists can choose an appropriate promoter to express their gene of 
choice.   
Lastly, to further aid in optimal promoter use, the functionality of identified 
putative TFBS should be explored.  By elucidating TF(s) responsible for promoter 
strength, the use of a particular promoter affected by certain metabolic rewiring could be 
avoided.   Furthermore, the identification of the functional binding sites in the promoters 
could allow for their use in a sTF/promoter system by targeting the sTF to bind to them.  
The simplest approach to determine which TFs are interacting is to evaluate promoter 
	strength under specific TF knockout strains.  More definitively, the suspected TF can be 
overexpressed or knocked down to avoid having to tease out compensatory effects 
present in knock out strains214.  Furthermore, promoters with dynamic expression 
strengths with respect to culture conditions as identified by experiments outlined above 
may prove to have dynamic TF binding as well.  For these promoters, functional TFBS 
should be evaluated in several conditions to ensure complete identification of binding TF.  
Elucidating which TF(s) bind to the synthetic promoters not only enables synthetic 
biologists to use these parts more appropriately, but also can shed much needed light on 
how promoters use their specific sequences to operate.   
In this regard, I propose that this set of de novo minimal promoters could be used 
to study promoter mechanisms.  Previous studies have used synthetically generated 
libraries of promoters to understand how promoter elements, such as TFBS, nucleosome-
depleting sequences and core sequences affect promoter activity16,69,82.  Similarly, this set 
of synthetic promoters could be used to understand how promoter sequences affect 
transcription.  In fact, the set presents a unique opportunity to understand how the 
sequence between the TATA box and the TSS affects transcription initiation since 
promoter core size, TATA-box and TSS variants present, and 5ˋ UTR contribution are all 
held constant.  Specifically, the effects of this sequence on TSS selection at single-
nucleotide resolution could be studied.  This set is particularly appropriate for these 
experiments due to the wide variation of sequences present in spacing region between the 
TATA box and TSS.  For example, the GC content ranges from 47 to 73%.  Additionally, 
	unlike genomic promoters, this set has only one functional TSS, and therefore, allows for 
the first time investigations into how adjacent sequences affect transcription at the single 
nucleotide level.  To elucidate how the sequence affects start site selection, SMORE-seq 
(simultaneous mapping of RNA ends by sequencing) can be used to identify the 5ˋ UTR 
of the mRNA at single-nucleotide resolution.  This experiment could provide insights on 
how the sequences in the core may affect transcription initiation. 
In conclusion, I recommend further characterizations of the synthetic minimal 
promoters presented in this body of work.  Specifically, I recommend experiments related 
to DNA context, culture conditions, and TF recruitment to ensure promoters are being 
employed appropriately and optimally in synthetic systems.  Lastly, I also suggest that 
this set of promoters can be used to understand how sequences between the TATA box 
and TSS of the promoter core affect transcription initiation.    
  
	 
Chapter 7: Materials and Methods 
7.1 COMMON MATERIALS AND METHODS 
7.1.1 Strains and Media 
p416 yeast expression vectors were propagated in Escherichia coli DH10β.  E. 
coli strains were cultivated in LB medium215 (Teknova) at 37 °C with 225 RPM orbital 
shaking.  LB was supplemented with 50 µg/mL ampicillin (Sigma) for plasmid 
maintenance and propagation.  Yeast strains (BY4741 and BY4741 Δspt3 obtained from 
Euroscarf and Open Biosystems respectively) were cultivated on a yeast synthetic 
complete medium containing 6.7 g of Yeast Nitrogen Base (Difco)/L, 20 g glucose/L and 
a mixture of amino acids, and nucleotides without uracil (CSM, MP Biomedicals, Solon, 
OH).  All medium was supplemented with 1.5% agar for solid media. 
For E. coli transformations, 50 µL of electrocompetent E. coli DH10β215 were 
mixed with 50 ng of ligated DNA and electroporated (2 mm Electroporation Cuvettes) 
(Bioexpress) with Biorad Genepulser Xcell at 2.5 kV.  Transformants were recovered in 
1 mL SOC Medium (Cellgro), plated on LB agar, and incubated overnight at 37 °C.  
Single clones were amplified in 2 mL LB medium and incubated overnight at 37 °C with 
225 RPM orbital shaking.  Plasmids were isolated (QIAprep Spin Miniprep Kit, Qiagen) 
and confirmed by sequencing.  
For yeast transformations, 20 µL of chemically competent S. cerevisiae BY4741 
were transformed with 1 µg of each appropriate purified plasmid using Frozen EZ Yeast 
Transformation II Kit (Zymo Research, Irvine, California, United States) according to the 
	manufacturer’s instructions. Transformations were plated on CSM -Ura plates, and 
incubated for two days at 30 °C.  Single colonies were picked at random into 2 mL of 
CSM -Ura liquid media and incubated at 30 °C for 2 days in 225 RPM orbital shaking. 
Yeast and bacterial strains were stored at -80 °C in 15% glycerol. Plasmids from yeast 
were isolated using ZymoprepTM Yeast Plasmid Miniprep II kit.  
7.1.2 Cloning Procedures 
All p416 plasmids were assembled using restriction enzyme based cloning 
techniques. Oligonucleotides were purchased from Integrated DNA Technologies 
(Coralville, IA). Sequences and details can be found in Table 7.1.  PCR and double 
stranding reactions were performed with Phusion DNA Polymerase from New England 
Biolabs (Ipswich, MA) according to manufacturer specifications.  Digestions were 
performed according to manufacturer’s (NEB) instructions.  PCR products and digestions 
were cleaned with a QIAquick PCR Purification Kit (Qiagen).  Phosphatase reactions 
were performed with Antarctic Phosphatase (NEB) according to manufacturer’s 
instructions and heat-inactivated for 10 min at 65 °C.  Ligations (T4 DNA Ligase, 
Fermentas) were performed for 3-18 hrs in 5:1-10:1 insert to backbone ratio at 16-22 °C 
followed by heat inactivation at 65 °C for 10 min.  Cloning procedures that required a gel 
extraction were done so with Fermentas GeneJET Gel Extraction Kit from Thermo Fisher 
Scientific (Waltham, MA).   
 
 
  
	Table 7.1: Oligonucleotides used in library assemblies, cloning and qPCR   
   
olig
o 
Description Sequence 
1 Fwrd primer- PCR VSP13 
term 
acgcGGATCCTCACATATGAAAGTATATACCCGCTTTTGT 
2 Rv primer- PCR VSP13 term  cagGGCGCGCCCGCGCTGCGGATATTTCTAA 
3 Fwrd primer- PCR SPG5 
term 
gcgtcctcgagCAAAGACGTTGTTTCATCGC 
4 Rv primer- PCR SPG5 term GAC GCG GTA CCG CTT ATT TTC TGC CGA ATT TTC AT 
5 Fwrd primer- PCR PRM9 
term 
gcgtcctcgagACAGAAGACGGGAGACACT 
6 Rv primer- PCR PRM9 term ATT TTC AAC ATC GTA TTT TCC GAA GC G GTA CCG ACG C  
7 Fwrd primer- PCR CYC1 
term 
GCGTCaagctttcatgtaattagttatgtcacgcttaca 
8 Rv primer- PCR CYC1 term GAC GCT CTA GAC GAG CGT CCC AAA ACC TT 
9 20nt library oligonucleotide GCGTCaagctTATAAAAGNNNNNNNNNNNNNNNNNNNNAAAAAAGCATCGA
AAAAATCTAGActag 
10 30nt library oligonucleotide GCGTCaagctTATAAAAGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAA
AAAGCATCGAAAAAATCTAGActag 
11 25nt library oligonucleotide GCGTCaagctTATAAAAGNNNNNNNNNNNNNNNNNNNNNNNNNAAAAAAGC
ATCGAAAAAATCTAGActag 
	22 Rv primer- PCR TEF1 
promoter 
Aaggtctagaaaacttagattagattgctatgctttctttctaatgagc 
23 Fwrd primer- PCR GAL1 
promoter 
gcgtcGGCGCGCCtagtacggattagaagccgccg 
24 Rv primer-PCR GAL1 
promoter 
GAC GCT TAA TTA AGT TTT TTC TCC TTG ACG TTA AAG TAT AGA GGT 
25 Oligo of G4BS4  for 5 bp 
spacing 
gcgtcttaattaaCGGAAGACTCTCCTCCGaagcttgcgtc 
Table 7.1: Oligonucleotides used in library assemblies, cloning and qPCR continued 
   
12 Primer to double strand 
libraries 
CTA GTC TAG ATT TTT TCG ATG CTT TTT T 
13 Fwrd primer- PCR 
expression cassettes for flip 
gcgtcctcgagCAAAGACGTTGTTTCATCGC 
14 Rv primer- PCR expression 
cassettes for flip 
GAC GCG GTA CCG CTT ATT TTC TGC CGA ATT TTC AT 
15 10 bpUAS library oligo GGCGCGCCNNNNNNNNNNTTAATTAActtgtaatattctacccAAGCTTggg 
16 Primer used to double strand 
oligo15 
CCC AAG CTT GGG TAG AAT ATT ACA AGT TAA TTA A  
17 Fwrd primer- PCR CYC1 
promoter  
gcgtcAAGCTTatttggcgagcgttgg 
18 Rv primer- PCR CYC1 
promoter 
GAC GCT CTA GAT TAG TGT GTG TAT TTG TGT TTG C 
19 Fwrd primer- PCR GPD 
promoter 
GAC GCT CTA GAA TCC GTC GAA ACT AAG TT 
20 Rv primer- PCR GPD 
promoter 
GCGTCaagcttagtttatcattatcaatactcgccattt 
21 Fwrd primer- PCR TEF1 
promoter 
atcattGGCGCGCCatagcttcaaaatgtttctactccttttttactcttc 
	26 Oligo to double strand oligo 
25 
GAC GCA AGC TTC GGA GGA GAG TCT TCC GTT AAT TAA GAC  
27 Oligo of G4BS3 for 5 bp 
spacing 
gcgtcttaattaaCGGGCGACAGCCCTCCGaagcttgcgtc 
28 Oligo to double strand oligo 
27 
GAC GCA AGC TTC GGA GGG CTG TCG CCC GTT AAT TAA GAC GC 
29 Oligo of G4BS4 for 17 bp 
spacing 
gcgtcGGCGCGCCCGGAAGACTCTCCTCCGTTAATTAAgcgtc 
30 Oligo to double strand oligo 
29 
GAC GCT TAA TTA ACG GAG GAG AGT CTT CCG GGC GCG CCG ACG C 
31 Oligo of G4BS3 for 17 bp 
spacing 
gcgtcGGCGCGCCCGGGCGACAGCCCTCCGTTAATTAAgcgtc 
32 Primer to double strand oligo 
31 
GAC GCT TAA TTA ACG GAG GGC TGT CGC CCG GGC GCG CCG ACG C 
33 Oligo of AT-rich neutral 
spacing 
gcgtcTTAATTAActtgtaatattctaatcAAGCTTgcgtc 
34 Primer to double strand oligo 
33 
GAC GCA AGC TTG ATT AGA ATA TTA CAA GTT AAT TAA GAC GC 
35 Oligo of UASF-E-C atcattGGCGCGCCCCTCCTTGAAACTGAAATTTTAGCATGTGATTAATTAAggcc
g 
Table 7.1: Oligonucleotides used in library assemblies, cloning and qPCR continued 
	36 Primer to double strand oligo 
35 
CGG CCT TAA TTA ATC ACA TGC TAC ACC GCC CCC 
37 Fwrd primer- qPCR of 
yECitrine 
TTCTGTCTCCGGTGAAGGTGAA 
38 Rv primer- qPCR of 
yECitrine  
TAAGGTTGGCCATGGAACTGGCAA 
39 Fwrd primer- qPCR of Alg9 ATCGTGAAATTGCAGGCAGCTTGG 
40 Rv primer- qPCR of Alg9 CATGGCAACGGCAGAAGGCAATAA 
41 Oligo of N10-GCC-UASB atcattGGCGCGCCnnnnnnnnnnGCCgctcaacggcTTAATTAAggccgCGCCCGt 
42 Primer to double strand oligo 
41 and 47 
aCGGGCGcggccTTAATTAAgccgttgagc 
43 Oligo of N10-CC-UASD atcattGGCGCGCCnnnnnnnnnnccacagaggggcTTAATTAAggccgCGCCCGt 
44 Primer to double strand oligo 
43 and 48 
aCGGGCGcggccTTAATTAAgcccctctgt 
45 Oligo of N10-CC-UASF atcattGGCGCGCCnnnnnnnnnnCCCCTCCTTGAATTAATTAAggccgCGCCCGt 
46 Primer to double strand oligo 
45 and 49 
cggccTTAATTAATTCAAGGAGG 
Table 7.1: Oligonucleotides used in library assemblies, cloning and qPCR continued 
47 Oligo of N10-CC-UASɑB tTATGGCGCGCCNNNNNNNNNNCCCCTGTATGGCGCCGCTCAACGGCTTAA
	TTAAggccg 
48 Oligo of N10-CGCC-UASɑD AAGGCGCGCCNNNNNNNNNNCGCCGTTCAGGAGGCCACAGAGGGGCTTAA
TTAAGG 
49 Oligo of N10-UASɑF tcattGGCGCGCCNNNNNNNNNNGAGGAGGGGGCCCCTCCTTGAATTAATTAA
ggccg 
50 Oligo of G-rich library TATGGCGCGCCNGGGNNNGGGNNNGGGNNNGGGNTTAATTAAcTTTGGGG
CGATGGGtg 
51 Primer used to double strand 
oligo 50 
caCCCATCGCCCCAAAgTTAATTAA 
 
52 Inducible UAS library oligo atcattGGCGCGCCnnnnnnnnnnnnnnnnnnnnTTAATTAAggccgCGCCCGt 
53 Primer to double strand oligo 
52 
AGA CGA GCG CGG CCT TAA TTA A 
54 Oligo of N10-GCC-UASA tcattGGCGCGCCNNNNNNNNNNGCCGGGGGCGGTGTTAATTAAggccg 
55 Oligo of N10-GCC-UASC TCATTGGCGCGCCNNNNNNNNNNGCCTAGCATGTGATTAATTAAGGCCG 
56 Oligo of N10-CGCC-UASE TCATTGGCGCGCCNNNNNNNNNNCGCCACTG 
57 Oligo of N10-CC-UASE TCATTGGCGCGCCNNNNNNNNNNCCACTGAAATTTTTAATTAAGGCCG 
Table 7.1: Oligonucleotides used in library assemblies, cloning and qPCR  continued
	7.1.3 Library Preparation 
Libraries assembled are listed in Table 7.2 and Table 7.3 by double stranding 
oligonucleotides listed in Table 7.1.  Double stranding was performed using Phusion 
DNA Polymerase from New England Biolabs (Ipswich, MA) with a touchdown 
annealing step followed by a 5 min. 72 °C elongation step in thermocycler.  All core 
element libraries and UAS libraries were cloned into the HindIII/XbaI site and AscI/PacI 
site respectively in p416 using cloning techniques previously mentioned unless where 
noted in following text.  All libraries were ligated in a 3:1 ligation ratio with 2 ug of 
backbone in 20 ul reaction volume. Library ligations were desalted for 10 min. on 
nitrocellulose membrane filters (MFTM 0.025µm VSWP membrane filters) after 24 hrs of 
ligation at 16 °C.  Entire ligation mixture was transformed into freshly prepared 
electrocompetent E. coli DH10β215 and plated onto LB plates.  E. coli colonies were 
counted, scraped, and plasmids were isolated (QIAprep Spin Miniprep Kit, Qiagen) and 
transformed into freshly prepared BY4741216.  E. coli colony counts can be found in 
Table 7.2 and Table 7.3 as library size.  After 48 hrs of flask growth, aliquots of each 
library covering five times the size of the yeast library in terms of number of cells were 
stored at -80 °C in 15% glycerol. 
  
	UAS TATA-TSS spacing (bp) Terminator E. Coli library size (10^6) 
Yeast cells 
isolated by 
FACS 
None 20 CYC1 0.3 1350 
None 30 CYC1 0.2 574 
UASCIT 20 CYC1 2.2 3700 
UASCIT 30 CYC1 1.4 456 
UASCLB 20 CYC1 3.0* Not sorted 
UASCLB 30 CYC1 2.4* Not sorted 
None 20 SPG5 0.7 9874 
None 30 SPG5 0.7 1463 
UASCIT 20 SPG5 0.9 1300 
UASCIT 30 SPG5 0.1 285 
UASCLB 20 SPG5 0.1* Not sorted 
UASCLB 30 SPG5 0.04* Not sorted 
None 20 PRM9 0.5* Not sorted 
None 30 PRM9 0.7 31 
UASCIT 20 PRM9 0.04 640 
UASCIT 30 PRM9 0.1 325 
UASCLB 20 PRM9 2.0* Not sorted 
UASCLB 30 PRM9 0.6* Not sorted 
None 25 SPG5 1.0 2332 
None 25 PRM9 1.0 1469 
Table 7.2: Core libraries constructed 
	None 25 CYC1 0.9 1418 
UASCIT 25 SPG5 2.4 4250 
Table 7.2: Core libraries constructed (continued) 
 
  
UASCIT 25 PRM9 0.9 3232 
UASCIT 25 CYC1 2.3 2900 
	 
UAS library E. Coli library size 
(10^6) 
Yeast cells isolated 
by FACS 
N10-spacer 1.3 140 
N10-UASA-spacer 1.5 Not sorted 
N10-UASB-spacer 2.2 Not sorted 
N10-UASC-spacer 2.3 Not sorted 
N10-UASD-spacer 1.8 Not sorted 
N10-UASE-spacer 1.1 Not sorted 
N10-UASF-spacer 0.9 Not sorted 
N10-GCC-UASA-spacer 2.3 Not sorted 
N10-GCC-UASB-spacer 4.3 1101 
N10-GCC-UASC-spacer 3.4 Not sorted 
N10-CC-UASD-spacer 4.1 834 
N10-CC-UASE-spacer 1.7 Not sorted 
N10-CC-UASF-spacer 9.8 1218 
N10-CGCC-UASE 3.4 Not sorted 
N10-CGCC-UASɑD-spacer 5.4 640 
N10-CC-UASɑB-spacer 3.2 632 
N10-UASɑF-spacer 1.0 890 
NG3N3G3N3G3N3G3N –spacer 2.1 123 
Table 7.3: UAS-core libraries constructed 
	7.1.4 Flow Cytometry and FACS 
Yeast cultures were started in triplicate from glycerol stock, and were grown for 2 
days to stationary phase.  All yeast cultures were inoculated at an OD600 of 0.01 and 
grown to an OD600 of 0.7-0.9 in 30 C shaker.  ΔSpt3 BY4741 (Fischer Scientific) strains 
under galactose growth were inoculated at OD of 0.10 due to lack of consistent growth at 
lower OD inoculations Fluorescence was analyzed (LSRFortssa Flow Cytometer, BD 
Biosciences) at excitation wavelength of 488 nm and detectin wavelength of 530 nm.  
10,000 events were gathered at a flow rate of 2,000 events/second.  An average 
fluorescence and standard deviation were calculated from the mean values for the 
biological replicates.  Flow cytometry data was analyzed using FlowJo software.  Top 
~0.15% of a million and two million yeast cells from each core library and UAS library 
respectively were sorted using BD FACS Aria Cell sorter.  Cells counted by the FACS 
instrument are listed in Table 7.2 and Table 7.3.  Sorted cells were grown for 24 hrs at 
30 °C in 2 mL CSM-Ura media at 225 rpm.  At least ten times the amount of cells 
isolated were plated onto CSM-Ura as isolated from the sorting.  Colonies were randomly 
selected from plates and grown for 2 days to stationary phase in 2 mL CSM-Ura.  Yeast 
cultures were inoculated at an OD600 of 0.01 and grown to an OD600 of 0.7-0.9 in a 30 °C 
shaker.  Fluorescence was analyzed (LSRFortessa Flow Cytometer, BD Biosciences) and 
highly fluorescent cultures were streaked onto plates, picked in triplicate and glycerol 
stocked.  Flow analysis was performed again in triplicate as previously described to 
ensure robustness.  
	7.2 MATERIALS AND METHODS FOR CHAPTER 2 
7.2.1 Strains and Media   
Yarrowia lipolytica strain PO1f (ATCC # MYA-2613), a leucine and uracil 
auxotroph devoid of any secreted protease activity 128 was used for all studies.  Y. 
lipolytica PO1f containing plasmid was routinely cultivated at 30oC with constant 
agitation in YSC-LEU media consisting of 20g/L glucose purchased from Fisher 
Scientific, 0.69g/L CSM-Leucine supplement purchased from MP Biomedicals, and 
0.67g/L Yeast Nitrogen Base purchased from Becton, Dickinson, and Company.  Solid 
media for E.coli and Yarrowia lipolytica was prepared by adding 15g/L agar (Teknova) 
to liquid media.  
7.2.2 Cloning Procedures   
All restriction enzymes were purchased from New England Biolabs and all 
digestions were performed according to standard protocols.  PCR reactions were set up 
with recommended conditions using Phusion high fidelity DNA polymerase (Finnzymes). 
Ligation reactions were performed overnight at 16oC using T4 DNA Ligase (Fermentas).  
Gel extractions were performed using the GeneClean gel extraction kit purchased from 
MP Biomedicals.  Purification of small DNA fragments (<200 bp) generated during 
plasmid construction were performed using the MERmaid Spin Kit (Qbiogene).  E. coli 
minipreps were performed using the Zyppy Plasmid Miniprep Kit (Zymo Research 
Corporation). Y. lipolytica minipreps were performed using Zymoprep Yeast Plasmid 
Miniprep II kit (Zymo Research Corporation).  Transformation of E. coli strains was 
performed using the standard electroporator protocols 217.  Transformation of Y. lipolytica 
was performed using the Zymogen Frozen EZ Yeast Transformation Kit II (Zymo 
	Research Corporation).  Genomic DNA was extracted from Y. lipolytica using the Wizard 
Genomic DNA Purification kit (Promega). 
7.2.3 Calculation of Codon Adaptation Index   
Codon Adaption Indices were calculated for the hrGFP, mStrawberry, EGFP, and 
yECitrine genes using the CAIcal server 218 and the codon usage table for Y. lipolytica 
available on the Codon Usage Database219.   
7.2.4 Plasmid Construction    
Construction of endogenous promoter fluorescence cassettes (Figure 7.1):  All 
plasmids employed for gene expression in Y. lipolytica were centromeric, replicative 
vectors based off plasmid pSl16-Cen1-1(227) 131, which was initially modified to include 
a new multicloning site and redubbed pMCSCen1.  The cyc1 terminator (cyc1t) was 
amplified from p416-TEF-yECitrine 66,220 and inserted into pMCSCen1 with an 
EcoNI/BlpI digestion to form pMCScyc1t.  Endogenous promoters as defined previously 
135 EXP1 (JB096/97), GPAT (JB094/95), GPD (JB088/89), TEF (JB104/105), YAT1 
(JB090/91), XPR2 (JB275/276), and XPR2fus (JB277/276) (Table 2.1) were amplified 
from Yarrowia lipolytica PO1f genomic DNA and ligated into pMCScyc1t using 
XmaI/AscI for FBA and BstBI/AscI for the rest to form pMCS-Promoter serial 
constructs.  Reporter genes including yECitine 66 (JB083/084), mStrawberry 
(pmstrawberry, Clonetech) (JB153/155), EGFP 221 (JB156/158), hrGFP (pIRES-hrGFP, 
Agilent) (JB160/161) and lacZ 222 (JB312/313) were amplified using the indicated 
primers pairs and inserted into appropriate pMCS-Promoter constructs to form different 
pMCS-Promoter-Reporter constructs.  Additionally, hrGFP and lacZ were inserted into 
pMCS-cyc1t to form plasmids pMCS-hrGFP and pMCS-lacZ.  
	 
Figure 7.1: Construction of plasmids for Chapter 2  
Constructions of UAS1B1-Leum through UAS1B32-Leum expression cassettes (Figure 
7.1b): Primers JB162/163 amplified a 140bp minimal leucine promoter, Leum (Table 
2.1) from plasmid pMCSCen1 that was inserted into pUC19 with SphI/HindIII to form 
pUC-Leum.  Additionally, Leum was amplified using primers LQ19/20 and inserted into 
pMCS-HrGFP with BstBI/AscI to form plasmid pLeum-hrGFP.   
Template for UAS1B was created by annealing primers JB177/178.  Primers 
JB164/165 amplified a UAS1B oligo that was inserted into pUC-Leum with SalI-
HF/SphI-HF to form pUC-UAS1B1-Leum-No5’3’.  Additionally, Primers JB174/165 
amplified a UAS1B oligo that was inserted into pUC-Leum with SacI/SphI to form 
pUChp1dins.  pUC-1dins contained only EcoRI and SacI sites 5’ of the UAS1B to allow 
for future insertion of four tandem UAS1B sequences. 
	Primers JB167/168 amplified a UAS1B oligo for BamHI-HF/SalI-HF insertion 
into pUC-UAS1B1-Leum-No5’3’ to form pUC-UAS1B2-Leum-No5’3’, while primers 
JB174/168 were used to create plasmid pUC-2dins from pUC-UAS1B1-Leum-No5’3’.  
Primers JB169/170 amplified a third UAS1B for XbaI/BamHI-HF insertion into pUC-
UAS1B2-Leum-No5’3’ to create pUC-UAS1B3-Leum-No5’3’, while primers JB174/170 
were used to create plasmid pUC-3dins from pUC-UAS1B2-Leum-No5’3’.  Primers 
JB171/172 amplified a fourth UAS1B for XbaI/SacI-HF insertion into pUC-UAS1B3-
Leum-No5’3’ to create pUC-UAS1B4-Leum-No5’3’, while primers JB173/172 were used 
to form pUC-4d5’ins from pUC-UAS1B3-Leum-No5’3’.  pUC-4d5’ins was edited with a 
SalI/SpHI mediated UAS1B replacement (from primers JB163/166) to form pUC-4dins. 
Plasmid pUC-4dins was digested with EcoRI/SacI to extract a 444bp fragment 
containing four sequential UAS1Bs that was ligated into digests of pUC-1dins, pUC-
2dins, pUC-3dins, and pUC-UAS1B4-Leum-No5’3’ to form plasmids pUC-UAS1B5-
Leum-No5’3’ through pUC-UAS1B8-Leum-No5’3’.  An AscI restriction enzyme site was 
added 3’ of leum in these eight plasmid with primers JB251/252 and an BstBI-PstI-KpnI 
sequence was added 5’ to the EcoRI site of the AscI altered plasmids using primers 
JB249/250 to form plasmids pUC-UAS1B1-Leum through pUC-UAS1B8-Leum.  pUC-
UAS1B8-Leum-No5’3’ was modified to include a 5’ (of EcoRI) PstI site and a 3’ (of 
leum) KpnI site using primer pairs JB253/249 and JB254/252 respectively to create 
plasmid pUC-8dins.  pUC-8dins was PstI/KpnI digested to extract a 902bp fragment 
containing eight UAS1Bs that was inserted into pUC-UAS1B1-Leum through pUC-
UAS1B8-Leum to create plasmids pUC-UAS1B9-Leum through pUC-UAS1B16-Leum. 
	Plasmid pUC16dblank was created by annealing together primers JB289/290, and 
inserting this 74bp oligo into pUC19 with NdeI/HindIII.  Plasmid pUC-UAS1B8-leum 
was digested with KpnI and then SphI-HF, and a 895bp fragment containing “KpnI-
EcoRI-UAS1B8-SphI” was extracted and inserted into pUC16dblank to form 
pUC16d8dins.  pUC-UAS1B8-leum was digested with EcoRI-HF, and a 901bp UAS1B8 
fragment was extracted and inserted into pUC16d8ins to create pUC16dins.  A 1808bp 
UAS1B16 fragment was BstBI/PstI gel extracted from pUC16dins and inserted into 
vectors pUC-UAS1B1-Leum through pUC-UAS1B16-Leum to form plasmids pUC-
UAS1B17-Leum through pUC-UAS1B32-Leum. 
UAS1Bn-Leum promoter elements were cut out using BstBI/AscI and inserted 5’ 
of hrGFP and lacZ reporter genes in pMCS-hrGFP or pMCS-lacZ constructs in which the 
hrGFP and lacZ genes lacked their native ATG start site.    
Construction of TEF-based promoters and expression cassettes (Figure 7.1c):   
The 1004bp region upstream and including the TEF promoter was amplified from PO1f 
gDNA using primers LQ13 and JB105 and inserted into a pMCS-HrGFP expression 
cassette in which the hrGFP gene included its native ATG start site using BstBI/AscI to 
form plasmid pMCS-TEF(1004)-HrGFP.  Promoters TEF(804) (LQ12), TEF(604) 
(LQ10), TEF(504) (LQ9), TEF(272) (LQ16), TEF(203) (LQ15), and TEF(136) (LQ14) 
were amplified from plasmid pMCS-TEF(1004)-HrGFP using the indicated primer and 
JB105.  These seven promoters replaced TEF(1004) in pMCS-TEF(1004)-HrGFP to form 
the pMCS-TEF(n)-HrGFP core TEF promoter series (Table 2.1).   
Plasmid pUC19-8d was formed by the insertion of a BstBI/HindIII digested, gel 
extracted UAS1B8 fragment from pUC16d8dins in place of UAS1B16-Leum in digested 
	pUC-UAS1B16-Leum vector.  Plasmid pUC19-16d was formed by the insertion of a 
BstBI/HindIII gel extracted UAS1B16 sequence from pUC16dins in place of UAS1B16-
Leum in digested pUC-UAS1B16-Leum vector.  The TEF series of promoters was 
reamplified using primers as follows: TEF(1004) (LQ29/17), TEF(804) (LQ28/17), 
TEF(604) (LQ26/17), TEF(504) (LQ25/17), TEF (LQ18/17), TEF(272) (LQ32/17), 
TEF(203) (LQ31/17), and TEF(136) (LQ30/17) and inserted into plasmids pUC19-16d 
and pUC19-8d using a HindIII/AscI digest to form pUC-UAS1B8/16-TEF(n) vectors.  
UAS1B8/16-TEF(n) promoters were cut out with BstBI/AscI and inserted in place of 
TEF(136) in the pMCS-TEF(136)-hrGFP vector to form pMCS-UAS1B8/16-TEF(n)-
hrGFP vectors.     
7.2.5 Promoter Characterization with Flow Cytometry  
 Y. lipolytica PO1f strains, transformed with different plasmids, were inoculated 
directly from glycerol stock (in biological duplicate or triplicate) in YSC-LEU media for 
48 hours at 30oC with shaking, and then normalized to an OD600 of 0.03 in 2ml fresh 
YSC-LEU and incubated for another 48 hours at 30oC in a rotary drum (CT-7, New 
Brunswick Scientific) at speed seven.  A time course of fluorescence values showed 48 
hours to be an optimal incubation time for high expression levels from native and hybrid 
promoters (data not shown).  To harvest, the cultures were spun down at 500g for five 
minutes, washed in cold water, and resuspended in 5ml ice cold water before testing with 
a FACSCalibur (BD Biosciences) using 488nm excitation; FL1 detector; and 10,000 cell 
count for hrGFP detection.  Standard, optimized protocols were used for other reporter 
proteins tested in this study.  The samples were kept on ice during the test and the data 
was analyzed using FlowJo software (Tree Star Inc., Ashland, OR) to compute mean 
fluorescence values. 
	7.2.6 Promoter Characterization through β–galactosidase Assay    
Y. lipolytica PO1f strains, transformed with different plasmids, were inoculated 
directly from glycerol stock (in biological triplicate) in YSC-LEU media for 48 hours at 
30oC in a rotary drum (CT-7, New Brunswick Scientific) at speed seven, and then 
normalized to an OD600 of 0.03 in 2ml fresh YSC-LEU and incubated for another 48 
hours in the same conditions.  The cultures were washed twice in 1ml Z buffer , 
resuspended in 1 ml of Z buffer, and their OD600 readings were recorded 137,138.  β-
galactosidase assays were performed as described by Miller 137 using 10µl of chloroform-
permeabilized cells, with a reaction length of 17 minutes.  
7.2.7 Promoter Characterization through qRT-PCR    
Y. lipolytica PO1f strains, transformed with different plasmids, were inoculated 
directly from glycerol stock (in biological triplicate) in YSC-LEU media for 48 hours at 
30oC with shaking, and normalized to an OD600 = 0.03 in 2ml fresh YSC-LEU media and 
incubated for another 48 hours at 30oC in a rotary drum (CT-7, New Brunswick 
Scientific) at speed seven.  The cells were pelleted and total RNA was extracted using the 
RiboPureTM-Yeast Kit (Ambion).  1000ng of RNA from each sample was used for a 
reverse transcription reaction with the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems).  A 1.2µl sample from each reaction was used to set up a qPCR 
reaction (in triplicate) with FastStart SYBR Green Master (Roche) using primers 5’-
TCAGCGACTTCTTCATCCAGAGCTTC-3’ and 5’-
ACACGAACATCTCCTCGATCAGGTTG-3’ as described in the manual with a non-
template control.  The reactions were run with Applied Biosystems 7900HT Fast Real-
Time PCR System (Applied Biosystems) using fast 96 well plates (Applied Biosystems). 
	The data was analyzed with ABI 7900HTsequence detection systems (version 2.4; 
Applied Biosystems). 
7.2.8 Plasmid Stability Test  
Y. lipolytica PO1f strains containing plasmids pUAS1B12-Leum-hrGFP or 
pUAS1B16-Leum-hrGFP were grown for 48 hours from glycerol stock and thereafter 
subcultured in fresh YSC-LEU media at an OD600=0.01 every 48 hours.  After a total 
continuous culture time of 192 hours, corresponding to 36 cell doublings, yeast cells were 
miniprepped to extract the plasmid.  Individual plasmids were isolated by transformation 
into E. coli, and sequencing and restriction enzymes digests of isolated plasmids were 
used to confirm the stability of the UAS1B12-Leum and UAS1B16-Leum promoters over 
this timeframe.   
7.3 MATERIALS AND METHODS FOR CHAPTER 3 
7.3.2 qPCR Assay 
Yeast cultures were grown to OD600 of 0.7 to 0.9.  Fluorescence was measured 
simultaneous with RNA extraction of 500 uL of culture (Quick-RNA Miniprep, Zymo 
Research Corporation).  RNA was reverse-transcribed (High Capacity cDNA Reverse 
Transcription Kit, Applied Biosystems) and quantified in triplicate (SYBR Green PCR 
Master Mix, Life Technologies) after RNA extraction.  Transcript levels were measured 
relative to that of a housekeeping gene (ALG9) (Viia 7 Real Time PCR Instrument, Life 
Technologies).  Primers used for quantification are listed in Table 7.1.   
7.3.3 LacZ assay 
Yeast cultures were grown from triplicate glycerol stock for 2 days.  Cultures 
were inoculated at 0.01 OD and grown overnight to OD600 of 0.7 to 0.9.  Cells were 
	mixed with appropriate reagents and incubated according to instructions (AB Gal-
Screen® System). Chemiluminescent signal was measured with Biotek Cytation 3 
imaging reader.  
7.4 MATERIALS AND METHODS FOR CHAPTER 4 
7.4.1 Construction of dCAS9 expression vectors 
All plasmids for expression of dCas9 were derived from the pJED103 vector 
series acquired from AddGene catalog #46921 (Weissman 2015).   A general sgRNA 
expression cassette was cloned into the linearized pJED103-TDH3-dCas9-ADH1t 
plasmid (primers via Gibson Assembly.   Next, a dCas9-VPR construct was PCR 
amplified from AddGene catalog #63801 (Chavez 2015) and then cloned via Gibson 
Assembly into pJED103-sgRNA-TDH3-ADH1t digested with NcoI and XhoI in order to 
linearize between TDH3p and ADH1t..  The synthetic guide sequence (SGS1) was 
constructed in this vector by inverse PCR using primers MD007 and MD008 followed by 
blunt-end ligation.  To construct synthetic core promoters with the 20 base pair sgRNA 
site upstream, 5 core promoters were digested using AscI and PacI (NEB) and then 
ligated with annealed oligo pairs MD009/MD0010 and MD0011/MD0012 with 
complementary overhangs.  Sequence of primers used are listed in Table 7.4.  
  
	Primer Template Sequence 
MD007 
pJED103 
GTCACAGACTCAGGGTTCTAGTTTTAGAGCTAGAAATA
GCAAGTTAAAA 
MD008 pJED103 Gatcatttatctttcactgcgg 
MD009 None CGCGCCGTCACAGACTCAGGGTTCTACGGTTAAT 
MD010 None TAACCGTAGAACCCTGAGTCTGTGACGG 
MD011 
None 
CGCGCCGTCACAGACTCAGGGTTCTACGGATACTATTTT
CTGAGACGAATTAAT 
MD012 
None 
TAATTCGTCTCAGAAAATAGTATCCGTAGAACCCTGAG
TCTGTGACGG 
Table 7.4: Primers used to construct dCAS9 expression vectors 
7.5 MATERIALS AND METHODS FOR CHAPTER 5 
7.5.1 iCAPTR FACS  
Unless noted otherwise below, FACS and flow cytometry was run under same 
specifications as outlined in section 7.1.4.  N20-core 1 hybrid promoter library was sorted 
via FACS for weakly fluorescent cells (20 to 40 percentile of fluorescence).  197,000 
weakly fluorescent cells were isolated from 2.0 million recorded fluorescent events.  
Weakly fluorescent cells were recovered overnight in 2 mL CSM-Ura liquid minimal 
media in 30 °C shaker.   After recovery, cells were diluted to 0.015 OD600 in minimal 
media with inducer at concentrations (C5-10) listed in Table 5.2, and in minimal media 
with no inducers.  Cell culture under inducer concentrations of C5-10 were grown to 
exponential phase (OD600 of 0.7-0.9) and sorted via FACS.  Cell cultures with no 
inducers were allowed to grow to stationary phase (OD600 of ~3.0) before being exposed 
to inducer concentrations of C40-50 as listed in Table 5.2 for 4 hours.  After 4 hours, cells 
	were sorted via FACS.  Top 10% fluorescent cells out of 2.0 million fluorescent events 
were sorted from both cultures exposed to inducers C5-10 and C4-50 (Table 7.5).  Pooled 
cells were allowed to recover overnight in 30 °C shaker with 2 mL CSM-Ura media 
before having plasmids isolated (ZymoprepTM Yeast Plasmid Miniprep II kit).  Prepped 
plasmids were transformed into E. Coli DH10β retransformed for plasmid amplification.  
Amplified plasmids were transformed into freshly prepared BY4741216 and cells were 
plated.  96 highly fluorescent colonies from plated retransformed BY4741 were picked 
qualitatively using a blue light, grown to stationary phase in 1 mL CSM-Ura liquid media 
and subjected to a -80 freeze/thaw cycle in 15% glycerol for at least 24 hours.  
Fluorescence was measured under inducing and non-inducing conditions at growth phase 
which candidate was initially sorted in with inducer, either exponential or stationary.  
Plasmids were isolated and retransformed from any candidates displaying more than a 2-
fold induction.  Strength of these candidates was confirmed in triplicate with flow 
cytometry.   
  
	Inducer 
Cells isolated from FACS 
under exponential growth 
phase sort 
Cells isolated from FACS  
under stationary growth 
phase sort 
Caffeine  173,183 183,333 
Itaconic acid  176,617 159,321 
Aspirin  180,002 180,000 
Eugenol 181,306 179,993 
Vanillin 193,583 Not performed 
Calcium 177,789 188,261 
Copper 199,559 193,900 
Maltose 185,382 Not performed 
Table 7.5: Cells isolated from FACS. Cell count is based on FACS cell counting 
7.5.2 Survival assays 
Survival assays were performed with BY4741 with a p416 plasmid.  Seed culture 
was inoculated from glycerol stock and grown for 2 days in 2 ml of liquid minimal media 
in a 14 mL culture tube.  Seed culture was diluted to 0.01OD.  In a 96-well plate, 100 µL 
diluted culture was grown under various inducer concentrations. OD600 was measured 
every 15 minutes over 24 hours using Bioscreen C (Growth- CurvesUSA, Piscataway, 
NJ, USA) with continuous shaking at 30 °C.   
7.5.3 Preparation of inducer solutions 
Inducers were prepped as follows: aqueous solution of 200 g/L D+ Maltose monohydrate 
(S-A), aqueous solution of 125 mg/mL Cupric sulfate pentahydrate (Amresco), aqueous 
solution of 111 mg/mL Calcium chloride, minimum 93%, granular, anhydrous (S-A), 330 
mg/mL Eugenol, 99% (ACROS ORGANICS) in ethanol, aqueous solution of 45 g/L 
	itaconic acid, >99% (Aldrich), aqueous solution of 19.4 mg/mL, aqueous solution of 6.08 
g/L 0-vanillin, >99% (ACROS ORGANICS), aqueous solution of 19.4 mg/mL caffeine, 
99.9%, anhydrous (NuSci),  99.9%,  67.5 mg/ml aspirin in ethanol.  
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